
SIDA PAPER P-1568

COST-EFFECTIVENESS OF MAINTENANCE
SIMULATORS FOR MILITARY TRAINING

J. Orlansky
J.String DTIC

SELECTEt

ODEC 1 6 1981J
August 1981 B

SB

Prepared for

Office of the Under Secretary of Defense for Research and Engineering

[iSTRIBUTION STATEMENF fl

Approved fot public rele FAcI
Distribution Unlimited

INSTITUTE FOR DEFENSE ANALYSES
SCIENCE AND TECHNOLOGY D1ITSTON

t •1 12 1 6 01I IDA Log No. HQ 81-23233

-r ~ -



UNCLASSIFIED
SECURITYV CLASIIVICATION 0OF T.-15 PAGE (*A.R Dots Ense..E

REPORT DOCUMENTATION PAGE READ INSTRUCTIONS

I EPORT NUMBEta Q ACSINO ldS RECIPIENT'S CATAILOG NUM2IEF

4. Ti %. E (N~d S.610tir.) S TYPE air REPORT & PER100 COVEREC

Cost-Pffectiveness of Main'tenance Simulators Fina~l
for Military Training

6 PERFORMING Dec. REPORT mu"9EN

______________________________IDAPAPERP-1568

C7 AUT04ON~s, a. ComiTNAc~t Oam GiT wuNUerNIS

J. orlansky MDA 903 79 C 0202
J. String

S. PEfT~ORMING ORGANIZArION NAM9 A#40 ADDRESS 10 0 OGRAh EL.EMENT PROJECT TAS#g

Institute for Defense I~Awyses ANEA & "0019 uNIT ItUNMEas

400 Army-Navy Drive Task T-134
Arlington, Virglinia 22202___________
11 CONTROLLING orricir NAME AND ADDRESS 12 aREORT OAT[

Deputy Linde~r Secretary of Defense for Research August 1981
and Engineering (R&AT) N1 UMOER Or PAGECS

The Penta In 4"shfngtnn D-(-' 20-301 0
14 MONITORING AGENy NAME 61W.0ES~ dfif"Ol,,W P CO, t0Il~ Off-l).e IS SECURITY CL AS$ (at (if~ *."it)

Defense Advanced Research Projects Agency UNCLASSIFIED
1400 Wilson Poulevard_____________

Arlington, Virginia 22209 rm ORCkASSIFICATION DOWNGRADINGSCMEULE N/A

16 OISTRISUTION STATEMENT (.0It'. NOP~ff)

Approv'ad for public release; distribution unlimited.

t7 DISTROPUTION STATEMENT (ofIA O * II o Wfor lie~ed In Block 20. if difoofII@ OW 960410~f)

None

Iiý SUPPLENENTARY MOTES

N/A

9 IEY ORO (C..*nuSOp.q~ege 'd If a..ceelia w~d IdOT,,OIr Or biecA ,,.1006"

maintenance simulators, maintenance training simulators, effectiveness
of ma intenance simulators, cost of maintenance simulators, cost-
effectiveness of maintenance sin'ilatorso actual equipment trainers

20 AUSTRAC7 (ConfiAwE -. .. v..- Old* If neg..ewl' O~d "N'""f.I6 &Sb~ n.4")S~

The cost-effectiveness of maintenance simulators, caripared to actual
equipme~nt trainers, is evaluated for training military maintenance tech-
nicians. Maintenance simulators arc as effective as actual equipment
trainers wheii measured by student achievement at school; there is no
difference in the job performance of students trained either way, ac-
cording to supervisors' ratings, in only one study. The acquisition cost
of maintenance simulators is typically less than that of actual equipment

m, ',A':",, 1473 goT1O. 01 'NO .01.IS OUSOLETE UNCLASSIFIED
SECURITY CL ASSIFICATION OF T413 WAG E Whl. P410 F-1d



UNCLASSIFIED
SECUNITY CLASSIFICATI'O OF THIS PAGgrrWhw ONqA EnIorewd)

20. (Continued)

trainers. The cost to develop and fabricate one i.n.t , .. ,r was
less than 60 percent of the cost of its counterpart -- fMent
trainer in 7 of 11 cases investigated. The cost c" Fab- .-ý an addi-
tional unit of the simulator was less than 20 perc Lf ., , st of its
counterpart actual equipment trainer in S of these " caes. Acquisition
and use of a maintenance simulator over a 15-year pericd would cost 38
percent as much as an actual equipment trainer, according to the only
life-cycle cost ccmparison that has been reported. Since maintenance
simulators and actual equipment trainers are equally effective and since
maintenance simulators cost less, it is concluded that maintenance simu-
lators are cost-effective compared to actual equipment trainers. This
finding is qualified because it is based on a limited number of ccmparison4
because effectiveness is based primarily on school achievement rather than
on-the-job performance and because it is based primarily on acquisition
rather than on life-cycle costs.

DTIC
S F-LECTE

D 6 1981

B

+ , ' ; I tfI , . I

UNCLASSIFIED
SECURITY CLASSIFICATION Of THIS PAGIEr3hof D.. F-r-*d)

IICUNTY Ck IIIWIATIO OF T IS !ii~l~011en0iiiIIItIIIIt



IDA PAPER P-1568

COST-EFFECTIVENESS OF MAINTENANCE
SIMULATORS FOR MILITARY TRAINING

J. Orlansky
J. String

IJ

August 1981

I€

IDA
INSTITUTE FOR DEFENSE ANALYSES

SCIENCE AND TECHNOLOGY DIVISION

400 Army-Navy Drive, Arlington, Virginia 22202

Contract MDA 903 79 C 0202
Task T- 134

K/i



A BSTRACT

The cost-effectiveness of maintenance simulators, compared

to actual equipment trainers, is evaluated for training military

maintenance technicians. Maintenance simulators are as effective

as actual equipment trainers when measured by student achievement

at school; there is no difference in the job performance of stu-

dents trained either way, according tý supervisors' ratings, in

only one study. The acquisition cost of maintenance simulators

is typically less than that of actual equipment trainers. The

cost to develop and fabricate one unit of a simulator was less

than 60 percent of the cost of its counterpart actual equipment

trainer in 7 of 11 cases investigated. The cost of fabricating

an additional unit of the simulator was less than 20 percent of

the cost of its counterpart actual equipment trainer in 9 of

these 11 cases. Acquisition and use of a maintenance simulator

over a 15-year period would cost 38 percent as much as an actual

equipment trainer, according to the only life-cycle cost compari-

son that has been reported. Since m~aintenance simulators and

actual equipment trainers are equally effective and since main-

tenance simulators cost less, it is concluded that maintenance

simulators are cost-effective compared tc actual equipment

trainers. This finding is quallified because it is based on a

limited number of comparisons, because effectiveness is based

primarily on school achievement rather than orn the job perform-

than on life-cycle costs.
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SUMMARY

A. PURPOSE

This paper evaluates the cost-effectiveness of maintenance
simulators, compared to actual equipment trainers, for training

military personnel to maintain military equipment.*

B. BACKGROUND

Maintenance simulators are synthetic training devices that

appear to duplicate the perfotmance characteristics of opera-
tional equipment under ncrmel and many malfunction conditions.
Actual equipment trainers are operational equipments that are

provided with power, inputs, and controls needed to make them

operate in a classroom. Maintenance simulatora inLorporate some
type of computer support to provide a large variety of malfunc-

tions for instructional purposes, are designed to withstand

abuse in a classroom, do not expose students to dangerous condi-
tions, and can measure student performance for the information
of both students and instructors. They are generally less
expensive to procure than actual equipment trainers. Actual
equipment trainers provide students n opportunity to train on
the actual equipment they will be expected to maintain after

*In 1976, the Detense Science Board recommended cost-effective-
ness evaluations of military training. This study is one of
several undertaken in response to that recommendation. The
study was performed for the Office of the Deputy Under Secre-
tary of Defense for Research and Engineering (Research and
Advanced Technology), under the technical cognizance of the
Military Assistant for Training and Personnel Technology.
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they leave school. Limitations of such trainers are that,

being designed for operational rather than instructional 4
purposes, they may break down and be difficult to maintain in

a classroom setting. They provide only limited opportunities

for demonstrating malfunctions because instructors must install

"faulty" components, which always takes some time and may be 6

inconvenient. Actual equipment trainers do not include facili-

ties for measurikig student performance; this would require a

complex and costly process of redesign.

C. EFFECTIVENESS

The effectiveness of maintenance simulators has been evAlu-

ated in 12 studies conducted since 1967. These involved mainte- 4
nance training for equipment used in sonar, avionics, radar,

propellers, flight control, navigation, aircraft power plant,

communication, and ship automatic boiler control systems. Stu-

dent achievement in 12 courses that used maintenance simulators

was the same as or better than that in comparable courses that

used actual equipment trainers; in one case, student achievement

with a maintenance simulator was less. In one case where on-the-

job performance was evaluated, supervisors' ratings showed that 0

there was no difference between students trained with a simulator

or an ectual equipment trainer. Students trained with mainte-

nance simulators completed their courses in less time than did

those who used actual eqtlipment trainers. In three cases where 0

such data were collectrd, time savings were 22, 50, and 50 per-

cent, respectively. Most students who use maintenance simulators

have favorable attitudes toward their useq instructors are split

about equally in having farorable, neutral, or negative attitudes

toward the use of these simulators.
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D. COST

Maintenance simulators appear to cost less to acquire than

do actual equipnent trainers. The cost to design, develop, and

fabricate one unit of a simulator is less than 60 percent of

the unit cost of its counterpart actual equipment trainer in 7

cases out of a sample of 11; in the remaining four cases the

simulators cost more than the actual equipment Lrciners. once

developed, the cost of fabricating an additional unit of a

simulator is less than 20 percent of the unit cost of its

counterpart actual equipment trainer in 9 of those 11 cases;

in only one case did the simulator cost more to fabricate than

the actujal equipment trainer.

In the one available case of a life-cycle cost-effective-

ness evaluation, the Air Force 6883 Test Stand Three-dimensional

Simulator was as effective as the actual equipment trainer, both

at school and oni the job. The total costs for the same student

load ov'er a 15-year period were estimated to be $1.5 million

foz the simulator and $3.9 million for the actual equipment

trainer; that is, the similator would cost 38 percent as much

to buy and use as would the actual equipment trainer.

'33



CONCLUS IONS

Conclusion 1. Maintenance simulators are as effective as

actual equipment trainers for training militay personnel, as

measured by students' achievement at school and, in one case,

on the job. The use of maintenance simulators saves some of
the time needed by students to complete courses, but data on

this point is limited. Students favor the use of maintenance
simulators; instructors are favorable, neutral, or negative

toward the use of simulators in about equal numbers.
Conclusion 2. The acquisition cost of maintenance simula-

tors are typically less than that of actual equipment trainers.
The cost to develop and fabricate one unit of a simulator was

* less than 60 percent of the cost of actual equipment trainers
in 7 of 11 cases examined; the cost to fabricate an additional
unit of a simulator was less than the 20 percent of cost of
actual equipment trainers in 9 of the 11 cases. The one avail-
able life-cycle cost estimate shows that purchase and use of a
simulator would cost 38 percent as much over a 15-year period
as it would to buy and use an actual equipment trainer.

Conclusion 3. Maintenance simulators are as effective as
actual equipment trainers for training maintenance personnel.
In addition, they cost less to acquire. Therefore, maintenance
simulators are cost-effective when compared with actual equip-
ment trainers.

* Conclusion 4. In general, the data on the cost and effec-
tiveness of maintenance simulators have not been collected sys-
tematically. Therefore, there is no basis at present for mak-
ing trade-offs between the effectiveness and cost of different

* types of maintenance simulators on such issues as two-dimensional

5



versus three-dimensional design, the complexity of maintenance

simulators (in such terms as rnumber of malfunctions and instruc-
tional procedures), the extent to which simulators should pro-

vide a mixture of training in general maintenance procedures

and/or for maintaining specific equipments, and the optimum

combination of maintenance simulators and actual equipment
trainers for training technicians at school.

There have heen insufficient studies on the amount of stu-

dent time saved with the use of maintenance simulators. There

have been no studies on whether the use of maintenance simula-
tors influences the amount of student attrition at school.

There have teen no studies to collect objective measures of

performance of maintenance technicians on the job after train-

ing, either with simulators or actual equipment trainers.
Conclusion 5. Maintenance simulators now under development

have not yet taken advantage of recent technological advances

such as videodiscs, automated voice input and output, and minia-
turization sufficient to make them r~adily portable. Reductions

in size would make it possible, as well as mo're convenient, to

use maintenance simulators for refresher training near job sites
and for performance evaluation and/or certification of mainte-

nance personnel on an objective basis in operational environ-

ments. Extreme reductions in size would make it possible to

use maintenance simulators as job aids in performing maintenance

on opecational equipment, thus assuring a close link, not yet

available, between facilities used for training at school and
for performance on the job.

6



RECOMMENDATIONS

Recommendation 1. Collect data to enlarge what is now

known about the effectiveness of maintenance simulators and

actual equipment trainers at school. Data are needed on speci-

fic knowledge and skills acquired by students at school, the

time needed to complete courses, attrit~ion rates, and instruc-

tor attitudes toward the use of simulators and actual equipment

trainers.

Recommendation 2. Collect objective data on the performance

of technicians on the job after training with simulators or

actual equipment trainers. Determine the transfer of training

of maintenance skills from school to the job, whzen either

maintenance simulators or actual equipment trainers are used

in training courses. Such data should be collected in a way

that will permit a determination of the relative effectiveness

of maintenance simulators with varying characteristics such as,

types of design, degrees of complexity, physical appearance, and

in generic and specific maintenance training courses.

Recommendation 3. Collect cost data in suffic~ent detail

to permit the development of cost-eetiniating relationships for

maintenance simulators. The cost elements should account for

all portions of the total costs incurred to procure and use

maintenance simulators and actual equipment. A suggested struc-

ttire for the collection of procurement cost data is contained in

£ this paper.

Recommendation 4. Design and conduct studies of training

with maintenance simulators and actual equipmient trainers,

that will yield trade-offs between level of effectiveness

and total cost as functions of the ci -..!.ctcýristics of training

7
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equipment, the ways it is used, and the t-ypes of training

in'volved.

Recommendation 5. Develop a procedure to categorize the

functional characteristics of maintenance simulators and actual

equipment trainers in ways that will relate to their effective-

ness for training.

Recommendation 6 Develop objective measures of the job

performance of maintenance personnel in operational settings to

provide valid measures with which to e'valuate the effectiveness

of simulators and actual equipment trainers.

8J



I. INTRODUCTION

A. PURPOSE

The purpose of this paper is to evaluate the cost-effec-

tiveness of maintenance training simulators, compared to actual

equipment trainers, for use in training military personnel to

maintain operational equipment. Both types of equipment have

been used at technical training schools to trair. personnel to

perform corrective and preventive maintenance at organizational

and intermediate levels.

Actual equipment trainers have long been used in technical

training schools for two significant reasons: (1) they can be

acquired simply by ordering additional units of operational

equipment already being procured for use in weapon and support

systems; and (2) they provide cealistic training on the equip-

ment to be maintained after the student leaves school. Opera-

tional equipment is often modified for training purposes by,

for example, placing it on a stand and adding power supplies,

input signals, and controls needed to make it operate in a

classroom. There has been a trend, in recent years, to use

maintenance training simulators rather than actual equipment

for traini~ng purposes. Maintenance simulators are said to have

advantages for use in training such as lower cost, ability to

demonstrate a wider variety of malfunctions, and more freedom

from breakdown in the classroom. These advantages will be

considered later in this paper.

The purpose of maintenance training is, obviously, to

train personnel to maintain complex equipment; this requires

both technical knowledg~e and manual job skills. Maintenance

9



training familiarizes the student with the layout of the equip-

ment, sources of power, use of tools and test equipment, safety

requirements, control settings, instrument readings, operating

procedures, and the like. Maintenance personnel must be able

to diagnose malfunctions; identify, replace, or repair faulty

components; verify that all components perform within prescribed

tolerances; and perform tests to insure that the entire equip-

ment has been returned to working order. This type of training

can be provided by a variety of meanx., such as conventional class-

room instruction, studying technical manuals, learning fault-

finding procedures by self-study, computer-assisted or computer-

managed instruction and, of course, the use of various types of

training devices. The issue addressed in this paper is whether

maintenance simulators are more costeffective than actual equip-

ment trainers for training military maintenance personnel.

Even if maintenance simulators are more cost-effecitve at

school for training personnel, it is obvious that training is

supposed to prepare technicians to maintain opecatic'nal equip-

ment in the field and not just to perform well at school. Thus,

the major substantive issue is to compare how personnel trained

with maintenance simulators or actual equipment trainers actually

maintain operational equipment in the field. Whether this ques-

tion can he answered on the basis of currently available infor-

mation is considered later.

Bl. TYPES AND LOCATIONS OF MAINTENANCE ACTIVITIES

There are two main types of maintenance activities:

1. Corrective maintenance applies to equipment that has

failed or is known to be operating improperly. In the

typical case, a malfunction is noted and reported by

operational personnel who use the equipment and re-

paired by the maintenance personnel. Corrective

maintenance involves troubleshooting, diagnosing the

10



reason for a malfunction, identifying the component

(or components) that has failed, repairing and/or

replacing the faulty comnponent (or larger module of

which it may be a part) and, finally, testing and

Calibrating to assure that the malfunction no longer

exists.

2. Preventive maintenance applies to equipment that has

not failed and appears to be operating properly. It

involves periodic inspection, cleaning, testing, and

calibrating of equipment; this may include the replace-

ment of functioning parts in accord with schedules

established to reduce the possibility of future break-

downs.

To be etfective, both types of maintenance require not

only proper training but also proper tools, test equipment,

relevant and up-to-date technical documentation, and ?fficient

diagnostic procedures; the equipment itself must be designed

to permit convenient access, test, repair, a~rl replacement of

parts; and there must also be a proper supply of spare parts

and an adeq~uate niumber of maintenance personnel, including

supervisors, to handle the workload.

Maintenance activities are also associated with the places

where they occur. There are three types, as described below:

1. organizational maintenance is performe~d on equipment

on the flight line or in the field by maintenance

personnel assigned to the unit that operates the equip-

ment. It consists generally of inspecting, servicing,

lubricating, adjusting, and replacing faulty assemblies

and subassemblies (line-replaceable units or LRUs).

2. Intermediate maintenance is performed in maintenance

shops by personnel assigned to a base or support organi-

zation. It generally consists of calibration, repair

or replacement of damaged or unserviceable parts, the

emergency manufacture of nonavailable parts, and pro-

vidinq technical assistance to the using organization.



3. Depot maintenance is performed at a central, industrial-

type facility and consists of large-scale repair, modi-

fication, anid refurbishment.

C. MAGNITUDE OF THE PROBLEM

The Department of De'ense, as of 1976, possessed weapon

systems and equipment which cost about $125 billion to acquire

(see Table 1). About $49 billion was requested for procurement

in FY 1982 (Brown 1981, p. 312). The purpose of maintenance is

to keep these weapons and their support equipment in a state

of operational readiness to meet mission requirements and to do

this in a timely and economic manner. Maintenance is a criti-

cal aspect of defense planning and operations and costs $18-20

billion each year, including the costs of spare parts, supplies,

and modifications (Turke 1977, p. 5).

TABLE 1. ACQUISITION COST OF WEAPON SYSTEMS AND EQUIPMENT IN
USE OR ASSIGNED, JULY 1, 1976 (TURKE, 1977)

Acquisition CostI Billions of
Dollars Percent

Military Department

Army 19.2 15

Navy 61.7 49

Air Force 45.3 36

126.2 100

Weapons Group

Aircraft 54.1 43

Ships 38.8 31

Missiles 8.7 7

Vehicles 9.0 7

Other 15.6 12

126. 2 100

12



According to the General Accounting Office, the Army spends

25 percent ($7.0 billion in FY 1978) of its annual budget on

maintenance; over 200,000 mechanics and equipment operators in

the Army have specific unit-level maintenance responsibilities

(GAO 1978, p. 1). In the Air Force, maintenance requires about

28 percent of the work force (military and civilian) and costs

between $5 and $7 billion annually (Townsend 1980). Labor for

repairs is estimated to account for 39 percent of the cost of

recurring logistical support (Fiorello 1975). Training is only

one of many factors that influence effective maintenance, e.g.,

design of equipment to assure high, inherent reliability; design

of equipment to permit unambiguous identification of failed

components; easy access for test and replacement of components;

the availability of spare parts and test equipment; up-to-date

technical documentation, tools, job aids, and the like.*

Specialized skill training at military schc 's costs about

$2.9 billion or 33 percent of the cost of inuividual training

each year [Department of Defense, Military Manpower Training

Report (MMTR) for FY 1981, . C(I; the portion at,-ributed solely

to maintenance training is n-it known.

High turnover among enlisted personnel increases the diffi-

culty of maintaining military equipment. According to planning

estimates for FY 1981, about 337,000 personnel were to be re-

cruited; 313,000 (93 percent) of these were expected to complete

recruit training; only 64,000 (37 percent) would reenlist for

a second term [MMTP FY 1981, p. 111-3; estimate on reenlistment

from all volunteer force data base, ASD (MRA&L), 20 Mar 19801.

*See Integrated Technical Documentation and Training (ITDT)

(1978) and Navy Technical Information Presentation Program
(NTIPP) (1977) for a review of current efforts to improve
technical documentatior required for maintenance; see Rowan
(1973) and Post and Price (1973) for recent reviews of studies
which compare performance of maintenance technicians using
innovative performance aids or conventional documentation.
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About 393,000 enlisted personnel were expected to complete

initial skill training courses (after 8 percent attrition) and

165,000 to complete skill progression training (after 5 percent

attrition) (MMTR FY 1981, p. V-4, V-7). The ccsts of on-the-job

training which follows school training are essentially unknown

(they are included among the costs for Operation and Maintenance,

which are $62.4 billion in FY 1982 (Brown 1981, p. 312).

The three Services spent over $5 million in FY 1979 for re-

search and development on mainten~ance simulators; this amount is

projected to decrease to about $1.6 million by FY 1983 (Table 2).

About $3.7 million (68 percent) of the FY 1979 flinds (category

6.4 funds) were for the development and procurement of prototype

equipment; about 49 percent of all funds for FY 1980-1983 would

also be allocated to prototype equipment. Maintenance simula-
tors either under contract or planned for development, as of

February 1981, are listed in Table 3.

Over a 7-year period (FY 1975-1981), the Naval Training

Equipment Center alone procured training equipment at a cost of

$649 million; planned procurements as of March 1980 were for

an additional $305 million. Maintenance trainers will account

for $3.2 million or 0.3 percent of these procur'pments; equip-

ment with a unit cost less than $100,000 is not included in

these figures (private correspondence, NTEC N-7, 8 March 1980).

The Air Force Air Training Command estimates that the cur-

rent inventory of all maintenance training devices cost $500

million, of which $350 million is for aircraft maintenance alone

(Aeronautical Systems Division, 1978). There are thought now

to be about 3600 different types of maintenance training devices

in the inventory to support aircraft systems. The procurement
of maintenance simulators for the F-16 aircraft is estimated

to cost about $32 million (this includes some units to be

delivered to NATO countries).
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TABLE 2. FUNDS FOR R&D ON MAINTENANCE SIMULATORS BY MILITARY SERVICES
FY 1978 - 1983

Funds !t housands of dollars)

FY 78
Service/PE and FY 79 FY 80 FY 81 FY 82 FY 83

Prior

Army

6.2 47 600 800a 650a 600a 900a

6.4 2000 2000 2000 .....

(Total) (2047) (2600) (2800) (650) (600) (900)

Navy

6.3 2723 362 5 16 b 1210b 1 12 5b --

6.4 1703 1665 233c 275c 302c 211

(Total-) (4426) (2027) (749) (1485)_ (1427) (211)

Air Force

6.3 600 800 6 40 d 8 0 0d 7 0 0 d 5 00 d

(Total) (600) (800) (640) (800) (700) (500)

TOTAL 7073 5427 4189 2935 2727 1611

aPE 62727A-230 BO: AMTESS II, Software, BITE/AMTE. PM TRADE FY 1981

Apportionment Review, 10 June 1980.

bPE 63733N W 1202-PN IMTS; W 1201-PN IHOMS; W 1207-PN ATE. NTEC

R&D Program, February 1980.

cPE 64703N W 0784-PN SAMT. NTEC R&D Program, February 1980.

dPE 63751F 2351, 6833, Flat panel simulator. FY 1981 AFHRL

Apportionment Review Data Book, 27 June 1980.

Source: Joint Technical Coordinating Group - Sub-group for Main-
tenance Simulators, December 1978 (Draft), with modifica-
tions noted above.

15



TABLE 3. MAINTENANCE TRAINING SIMULATORS UNDER CONTRACT
FOR PRODUCTION OR DEVELOPMENT OR PLANNED FOR DEVELOPMENT

(as of February 1981)
. .. . -..... ..

______ 
7_________

System Simuloted or Msintenance Type of Device/Program
Simulator Gesiqn ervice Echelon Simulatorc Characteristises and Status

Trainedb

AMTESS (Army Mmintenance A -- 2-0/3-0 To provide initial training in di-
Training and Ev3luation verse skill areas. Contract let
Simulation System) in December of 1980 for delivery

in October of Vi A of two "bread-
board" units for evaluation.

EEMT (Electrical/Elec- 2-D/3-D Initial (Navy A-school) training
tronic Maintenance for electronic and electronic war-
Trainer) fare technician ratings. Con-

tracts awarded in June and July
of 1980 for delivery of twenty
2-dimensional and two 3-dimension-
al prototype units.

Fire Control/Search Radar N Initial (Navy A-school) training
Maintenance Trainer for fire control techniciai

rating. Front-end analysis com-
pleted. RFP planned for release
in March with contract award for
units anticipated by August 1981.

bE and lHb7/ N -- 2-D Small flat panel devices for
Teries Trainers basic skill training (Navy A-

school) in several skill areas,
Contract awards to two firms en-
compass 20 simulations aind 194
trainers. Deliveries on one con-
tract are scheduled to be com-

pleted in February 1981.
Deliveries on the second contract
are scheduled to begin in the

spring of 1981 and to be com-
pleted in December.

ROLAND Institutional A 0 and I 2-D/3-D Traiiing in electronic and hy-
Trainer draulic systems at organization-

al and direct support (OS) eche-
lons. RFP released in December
1980, contract award planned for
October 1981. Contract is to

include five organizational
trainers, two DS echelon
trainers, and two mockups.

FIREFINDER A 0 and 1 2-D Provides operator and mainten-

ance (organizational and
intermediate echelons) training
for mortar- and artillery-
locating radars. Contract award-
ed August 1977 for 36 trainers
for operator training of both
radars and maintenance training
of the mortar-locating radar;
deliveries began in January
1980 and should be completed in
early 1981. Maintenance train-

er for artillery-locating
radar will be developed/pro-
cured on a subsequent contract.
(See Randle 1980).

(Continued)
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TABLE 3. (Continued)

System Simulated or Mainttnance Type of Device/Program
Simulatow Designation Servicea Echelonb Simulatotc Characteristics and Status

Trained b

REES (Reactive Electronic A 0 3-D Provides operator and organ-
Equipment Simulator) izational maintenance training

for the Army Tactical Coinuni-
cations System (ATACS). Contract
awarded in September 1977 for
one 4-station network. Delivery
currently anticipated for mid to
late Summer 1981.

FVS (Fighting Vehicle A 0 -nd I 2-D Contract has been let for design
System) Maintenance and data. Contract for fabric-
Trainer ation planned to be funded from

FY 1982 budget and to Include
four different simulations and
a hands-on trainer, all for
turret maintenance.

XM-l Tank Maintenance A 0 2-D In procurement; Includes six
Training System simulations (covering five tank

subsystems) and hands-on
trainer. Delivery of prototypes
is scheduled to ýegin in Feb-
ruary 1981. Delivery of produc-
tion versions is scheduled for
July 1982 to February 1984.

M109/110 Turret Trainer A 0 2-D In procurement; deliveries to
begin in July 1981. One sim-
uldtion provides training in
electrical and hydraulic main-
tenance for self-propelled
artillery.

IRR (Integrated Radio N 0 3-0 Provides operator and mainten-
Room) ance training of Trident sub-

marine communications system.
One system (consisting of a
simulated communications system
and several part-task-trainers)
was placed under contract In
September 1979 and is scheduled
for delivery in March 1981. A
second system inay be procured.

Mk 92 FCS (Fire Control N 0 2-D Currently on letter contract (to
System be made definite in February or

March 1981), with first deliver-
ies scheduleJ for March 1982.
Configurition is a modification
of the TICCIT system that inte-
grates conventional flat panels
in a 12-student-station TICCIT
complex. Contract will involve
two complexes.

CIWS (Phalanx Close-in 0 2-0 Letter contract (signed in Oct-
Weapon System) ober 1980) to be made definite

in February 1981 with deliveries
scheduled to begin in November
1981. Contract provisions
specify delivery of 39 sets of

(Continued)
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TABLE 3. (Continued)

System Simulated or a Maintenance Type of Device/Program
Simulator Designation Service Echelo% Simulatorc Characteristics and StatusTraine'd%

eight simulations (panels por-
traying different subsystems)
and one 3-dimensional model.

OD 963 Waste Heat Boiler N 0 Contracted in December 1980 for
delivery of one set of three
simulations in December 1981.
Firm design will not be set un-
til March or April 1981.

SQQ-89 Sonar M4intenance N Large program consisting of op- '
Trainer (formerly the eration and maintenance trainers
Geoerallzed Sonar for three sonar systems. Com-
Mai,ýtenance Trainer) plete program planned to consi:t

of both simulation and stimulated
operational equipment. RFP for
procurement of operator trainers
scheduled to be issued in March
1981, with resulting contract to
be funded from FY 1981 budget.
Maintenance trainer front-end
studies to be contracted from
FY 1981 funds with procurement

planned from FY 1983 budget.

Hagen ANM (Autoniatic 0 2-D/3-D Prior contracts resulted in pro-
Boiler Control) curement and evaluation of three

units employed for research.
Current funding is to modify the
three simulators to the current
configuration of the operational
equipment for use In mainstream
training.

Woodwar@ ,over:ý.r N 0 Research program. Front-end
analysis essentially completed.
Current funding provides for
design/development of audio-visual
and courseware (other than EDP)
materials. Design/development of
hardware and EDP software/course-
ware to be initiated with future
year's funding.

A()-[ TRAM ORS (Detection N 0 3-D Two trainers delivered under prior
ard Ranging System) contracts. Current funding is

limited to updating these devices
to the current configuration of
the operational equipment.

EA-6B ICAP-1 TJS N 0 3-D Procurement contract awarded in
('ictical Jamming December 1980 for two units. Deliv-
system) eries are scheduled for January and

March 1982. Current planning in-
cludes later modification of at
least one unit to the ICAP-II air-

craft configuration.

(!ontinued)
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TABLE 3. (Continued)

System Simulated or a Maintenance Typeo c Device/Program
Simulator Designation Service I ceob Simultatr Charac:teristics and Status

Tra i nedb

AT Trainer N D 3-D Military In-house program intiated
In December 1975. Delivery of
partially configured trainers in
June 1979 (1 device) and December
1980 (2 devices). Modification
of delivered trainers to full
design configuration Is scheduled
for completion In November 1981.

MA-3 Test Bench/CSD N I 3-D Research program. Single device
(Constant Speed Drive) delivered in August 1980. Current

funding provides support for on-
site training evaluations.

1d-3 Blade-fold Trainer N 0oFront-end analysis scheduled for
completion during Summer 1981. No
decisions regarding the program
are anticipated before that time.

F-18 Maintenance Trainers N Front-end study recommended a mix
of simulations and operational
equipment trainers. RFPs for five
simulatnrs were released in Jan-
uary 1981. Contract awards are
expected to begin it, April 1981.
Procurements will be managed by
McDonnell Douglas as sub-conjracts
to the basic weapon contract .

6883 Test Benci AF I 2-D Research program. Single device
(Flat Panel Irainer) delivered in August 1980. F,

1981 funding is to support an on-
site training evaluation.

F-16 Maintenance AF 0 2-D/3-D Initial contract (September 1977)
Simulators provided for delivery of six sets

of 18 simulations. Deliveries of
six sets of 12 modified (degraded)
simulations were completed by
September 1980. FY 1981 and
later funding is to provide for
retrofit of delivered articles to
their initial design configura-
tion and production/dellvery of
the remaining simulations.

E-3A (AWACS) Radar AF 0 2-0 In development. Contract award-
ed in September 1980 for one
simulator containing 10 student
stations. elivery anticipated
In May 19U.

E-3A (AWAflS) Data
Display/Control System AF 0 -- Front-end analysis nearing com-

pletion. RFP scheduled for
release In March 1981. Contract
award anticipated at the end of
FY 1981.

(Continued)
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TABLE 3. (Continued)

System Simulated or Maintenance Type of Device/Program
Simulatur Designation Service Echelonb simulatorC Characteristics and StatusTrained

EA-68 ICAP.-II CNR N 0 -- Front-end analysis and detailed(Conmmunlcation/ specification schidiled for com-
N.•vigation) pletion in April 1981. Funding

for procurement anticipated from
the FY 1982 budget.

E-3A (AWACS) Advanced AF 0 For training to advanced skillRadar Maintenance level. Functional requirementsTrainer study in initial stages. Con-
tract award not anticipateJ
before the end of FY 1982.

AN/TPS-43E Radar AF 0 3-0 Military in-house project, Pro-
gram initiated in early 1977.
First device placed in use in
late 1978. A second unit is
currently being fabricated.

I

A: Army; N: Navy; AF: Air Force.

b1: Intermediate-level maintenance; 0: Oragnizational-level maintenance.
CTwo-dimensional. three-dimensional.

dProposed for M 109/110 howitzer turret, M60 tank, M809 truck, radar illuminator,

eAlso called the Simulated Avionics Maintenance Trainer.
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One large industrial contractor has estimated that the

Department of Defense will spe;ed about $620 million for mainte-

nance trainers over the period 1977-1985; annual procurements

are estimated to reach about $120 million per year by 1985

(Pig. 1). The distribution of this procurement, according to

type of trainer, is predicted to be as shown in Fig. 2. Out-

side the United States, the procurement of maintenance simu-

lators is estimated to be about $5.5 million per year.

120

-j
a 80-

60

40-

20

1118911975 76 77 78 79 80 81 82 83 84 1985
YEAR

FIGURE 1. Estimated procurement of maintenance
trainers by the Department of Defense,
1975-1985 (as of November 1979)
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...... ...................... .......AIRCRAFT $424 M

SCOMMUNICATIONS 71

811%

7%VEHICLES 4

\\ -% ,,. ................ MISSIL S 3

2% ................. I.......... SHIPS 34
...."............................... SPACE 12

TOTAL $621 M

FIGURE 2. Predicted procurement of maintenance trainers
by the Department of Defense, according to
4,pe of application, !977-1985 (estimate
r;1•e in November 1979)

The "Electrooics-X" study, conducted in 1974, was a major

effort to determini' the cost and reliability of military elec-

tronic equipment (Gates, Gourary, Deitchman, et al., 1974).

Four methods were used to estimate the cost of maintaining

electronics equipment each year. The results ranged from $3.4

billion to $6.8 billion, with an average of $5.4 billion per

year (Gates, Gourary, Deitchman et al., 1974, Vol. II, p. 374).

The estimate of $5.4 billion per year for maintenance is about

equal to the cost of procuring electronic equipment each year

(Gates, Gourary, Deitchman et al., 1974, Vol. I, p. 52). Note

that procurement costs relate to acquiring current technology;
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the maintenance costs relate to systems whose average age is

about 10 years.

Advanced military equipment has become more complex in order

to provide improved performance. Increased complexity brought

increased cost and decreased reliability, the latter imposing

increased demands on maintenance personnel and resources. The

Electronics-X study showed that the reliability of avionics

equipment in the field decreases with increases in unit cost

for aircraft in accordance with the following relationship:

Aircraft MFHBF* = 1.3 x 10 6 /cost .

As shown in Figure 3. more expensive (and more complex) elec-

tronics equipment has a lower reliability and creates a larger

demand on maintenance activities than does less expensive

equipment (Gates, Gourary, Deitchman, et al. 1974, Vol. I, p.

56). A similar relationship, based on limited data, was found

for Army Area Communications Systems ýAACS) where

AACS MTBF** = 10 7 /cost .

The costs for manpower were estimated by a Defense Science

Board (I)SB) Task Force on Electronics Management to account

for perhaps as much as 75 percent of the military electronics

maintenance costs; actual costs are unknown due to limitations

in the cost allocation system (DSB, 1974, p. 14).

*Mean flight hours between failures.

**Mea~i time between failures.
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FIGURE 3. Avionics field reliability versus
unit production cost
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D. TYPES OF MAINTENANCE SIMULATORS

Maintenance simu]lators now under development differ notably

in their resemblance to actual equipment, their functional capa-

bilities as instructional devices, and in their complexity and

cost. Modern maintenance simulators are often characterized

as 2-D or 3-D devices, i.e., as being two- or three-dimensional

in their physical form; some simulators contain both 2-D and

3-D components.

The 2-D devices consist of flat panels with drawings of

major components connected symbolically by flow diagrams to

show electrical and/or hydraulic functional connections be-

tween components. The panels contain functioning instruments,

signal lights, and controls, so that the technician can turn on

power to the equipment, see if it is working correctly, and

observe the effects of vacious actions he may take to identify

and correct the malfunctions that are present. Such panels

perform as if they were real equipment because each contains

a computer, with a mathematical model of the real system that

makes the displays respond appropriately to all settings of

the controls under all environmental conditions li~kely to be

encountered. By setting a switch on his panel, the instructor

c~n select a malfunction from a large set contained in the

computer. The equipment scores the student's performance and

tells him whether he has correctly identified a malfunction.

The instructor can stop the sequence of activities for instruc-

tional purposes, to reneat what the student has done, and

demonstrate the corr ect way of isolating a malfunction; this

is done automatically in some simulators.

The manufacturers of 2-D simulators have developed soft-

ware packages and computer and support equipment that can be

used with a number of different panels. This has led us to

distinquish between what later in discussing costs we call
"standard"1 and "non-standard" maintenance simulator systems.
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Standard systems, whether they are 2-D or 3-D simulators, are

likely to cost less thain non-standard systems.

A 3-D maintenance simulator looks and performs very much

like the actual equipment it mimics. if it is a test bench,

it will be possible to connect components for calibration,

checkout, and tests needed to identify malfunctions. It will

differ from actual equipment in that it will be ruggedized to

withstand student abuse and to prevent exposing students to

dangerouý electrical. currents or hydraulic pressures. The

simulator may not contain all the components present in the

actual equipment, particularly those that are not relevant to

its maintenance; if the equipment contains many identical com-

ponents, only some will be represented. These components may

be precise physical copies; in some cases, they are only accu-
rate photographs (etched on plastic or metal) with active test-

points for making test measurements. Being under computer con-

trol, all components perform or respond as if they were actual

equipment; components may be tested, removed, and replaced.

A 3-D simulator permits "hands on" practice in the manual

maintenance skills not possible on most 2-D simulators; it

also has greater physical similarity to the actual equipment.

Whether or not greater physical similarity increases the

effectiveness of training is not considered in this discussion.

E. OTHEP INPLUENCES ON MAINTENANCE

Many factors beyond training and the use of actual or simu-

lated equipment can profoundly influence our ability to maintain

military equipment. These are noted here but they extend far

beyond the scope of this paper. Among these factors are the

quality of personnel recruited by the military Services (and

thereby available for training as maintenance technicians),

policies used by the Services to assign recruits to various

occupational specialties (thereby influencing the quality of

personnel who become maintenance technicians), the amount and
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type of training to be accomplished at technical schools (as

distinct from that to be accomplished on the job), and the

complexity of the information that must be acquired in order

to accomplish maintenance. Some tactors that influence mainte-,

nance have little to do with personnel and training; these

include equipment design and maintenance policy. The design

of equipment influences both the need for maintenance (mean

time between failure), and the means for accomplishing it

whenever required (e.g., ease of access to components, built-

in test points, manual or automatic fault detection). Maint-

enance policy determines whether failed components should be

repaired or replaced, the availability of spare parts, tools,

test equipment and up-to-date technical documentation.

F. ADVANTAGES OF MAINTENANCE SIMULATORS

The advantages of simulators for training maintenance

personnel have been argued for more than 25 years (e.g., R.B.

Miller 1954, Gagne 1962, Lumsdaine 1960, Valverde 1968, Kinkade

and Wheaton 1972, G.G. Miller 1974, Montemerlo 1977, and Fink

and Shriver 1978). The major advantage of a maintenance simu-

lator is that, as a training device, it can be designed to pLo-

vide facilities important for instructing students, in contrast

to actual equipment that is designed to operate effectively in

an operational environment.

Maintenance simulators can be designed to include a large

variety of faults with which maintenance personnel should be

familiar, including faults that cannot be demonstrated con-

veniently on actual equipment trainers or that occur rarely

in real life. All modern maintenance simulators incorporate

some type of computer support. Thus, the symptoms of many

types of complex faults can be stored in the computer and se-

lected simply by a control setting on the instructor's console.

Computer-supported equipment can also record what the student
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does, thereby reducing the need for constant observation by the

instructor. The instructor can use information collected by

the computer to guide each student; a computer can also assist

the student without an instructor's intervention. Records of

student performance and achievement can be maintained automati-

cally. Simulators can be made rugged enough to sustain damage

or abus~e by students and thus provide greater reliability and

availability in the classroom than is often possible with actual

equipment. Training which would he avroided because of safety

reasons, e.g., exposure cf students to dangerous electrical

charges or hydraulic pressures, can be undertakrn with little

risk with a simulator. If students using such equipment com-

plete their training in less time, as has often been the case

with computer-based methods of instruction, there are potential

cnst benefits due to savings in student time, increased student

throughput, and reduced need for instructors and support per-

sonnel.

As noted above, a simulator need not cor'tain all the com-

ponents found in the actual equipment. Thus, it is often pos-

sible to build a simulator that offers greater flexibility and

capacity for training at a cost le~ss than that for an actual

equipment trainer.

G, DISADVANTAGES OF MAINTENANCE SIMULATORS

There are also some disadvantages to the use of simulators.

The procurement of maintenance simulators necessarily involves

costs to design and build this special equipment, and to develop

course materials, maintenance procedures, and documentation.

The types of training provided by simulators may not provide

the student with all the skills needed to maintain operational

equipment, an outcome that seems assured when act-ual equipment

is used for training. A simulator may not be ready when needed

for training because its design and development requires some
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effort in addition to or at least parallel to that needed for

the actual equipment (which is being produced as part of some

system); modifications in the design of the actual equipment

may delay completion of the simulator, if it also must be modi-

fied. If there are many and frequent modifications, the orig-

inal simulator may not resemble the operational equipment

closely enough to be useful for training.

Data on the effectiveness and cost of maintenance simula-

tors and actual equipment trainers are considered in the follow-

ing chapters.
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II. THE EFFECTIVENESS OF MAINTENANCE SIMULATORS

The purpose of maintenance training, whether with simulators

or actual equipment, is to qualify technicians to maintain equip-

ment in the field. In fý-ct, however, the effectiveness of main-

tenance simulators for training techniciarns has be..n compared

to that of actual equipment only on the basis of student perform-

ance at school and not on the job- there is one exception to this

general statement (Cicchinelli, Harmon, Keller, et al., 1980).

The lack of job performance data to validate training (and

other activities relevant to p(crsonnel, such as recruitment,

selection, and reimbursement) applies generally to all types of

military training and not only maintenance training.

A. EFFECTIVENESS OF MAINTENANCE SIMULATORS AT SCHOOLS

We found 19 studies, conducted over the period of 1.967 to

1980, that compare the effectiveness of maintenance simulators

and actual equipment trainers for trainir'q in a variety of

courses at military training schools; these are described in

Lppendix A. Only 12 of these studies provide enough detaild

information to permit meaningful comparisons; these are sum-

marized in Table 4.

Relatively complete data were found on five maintenance

simulators evaluated in 14 different courses, e.g., radar, pro-

pellers, engines, flight controls, FM tuner, test equipment,

and the Hagen Automatic Boiler Control; most are associated

with aviation. These courses varied in lenqth from 3 hours to

5 weeks (median 4.7 days, N = 12 courses); the number of subjects

'rained with simulators in these courses varied from 6 to 56

(median 16, N = 14 groups); grand total of 267 students was
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involved in all of these studies. Effectiveness was evaluated

by comparing the scores of students who used sinulators with

those of students who used actual equipment trainers in end-of-

course tests. There are 13 comparisons; in 12 of these, students

trained with simulators achieved test scores the same as or

better than those trained with actual equipment; in one case,

scores were lower. The differences, though statistically siq-

nificant, have little practical significance.

Cicchinelli, Harmon, Keller, et al., 1980, compared super-

visors' ratings of on-the-job performance of technicians trained

either with a maintenance simulator (the 6883 Test Station 3-D

Simulator) or actual equipment trainer. Two field surveys pro-

vided data on the job performance of 85 and 56 graduates,

respectively (some twice); these comprised 74 and 49 percent,

respectively, of the students in the original sample at school;

some course oraduates were on the job for periods of up to 32

weeks. The supervisors did not know how the students had been

trained. Their ratings showed no noticeable difference between

the performance of technicians trained with the simulator or

actual equipment trainer. The abilities of the technicians

increased with amount of time on the job.

The automated and individualized method of instruction that

is an inherent characteristic of modern maintenance simulators

should be expected to save some of the time students need to

complete the same course when qiven by conventional instruction

(Orlansky and String 1979). Such time savinqg; are reported in

three of these studies (Parker and DePaul 4 1967; Riqney, Towne,

King, et al. 1978; and Swezey 1978); compared to the use of

actual equipment trainers, maintenance simulators were found in

these studies to have saved 22, 50, and 50 percent, respectively,

of the time students needed to complete the courses. Although

no explanations are offered for these t-me savings, one could

surmise that they are due to factors such as the fact that

brighter students can complete a self-paced course faster than

33



one given by conventional, group-paced instruction, that main-

tenance simulators generally have greater reliability in the

classroom than do actual equipment trainers, and that instruc-

tors need less time to set up training problems and/or to insert

malfunctions in simulators than in actual equipment trainers.

Based on questionnaires administered at the completion of

the courses, students favor the use of simulators in 9 of 10

cases and are neutral in one. Instructors are equally divided

(about one-third in each category of response) in being favor-

able, unfavorable, or neutral in their attitude toward the use

of simulators.

Overall, maintenance simulators appear to be as effective

as actual equipment trainers for traininq military personnel at

schools; there is only one contrary finding. Some of the pre-

sumed advantages of simulators were not examined in these studies

and therefore cannot be evaluated, e.g., their ability to teach

students how to correct a wider variety of malfunctions than

can be done with actual equipment, their superior availability

compared to actual equipment trainers, and their ability to meas-

ure and report student performance both to students and instruc-

tors. The findings do not sugqest ways in which the use of

maintenance simulators could be improved or wbere their use is

likely to be more effective. There are no cases, except for

Cicchinelli, Harmon, Keller, et al. 1980, where the effect of

training upon job performance is examined; they found no differ-

ence between a simulatoL and an actual equipment trainer; how-

ever, Cicchinelli, Harmon, Keller, et al. do not report the

amount of transfer of training from school to the job, i.e.,

transfer effectiveness ratios. 4

B. RELEVANT DATA FROM COMPUTER-BASED INSTRUCTION

Modern maintenance simulators can provide individualized

instruction on a series of prescribed lessons. They can also
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measure student performance and see that the student does not

go to a new lesson until he has mastered the preceding ones.
The instructional strategies employed in these simuilators are

derived from widely used methods of instruction called computer-
assisted and computer-managed instruction; both are individual-

ized and self-paced in nature and use computers to monitor
student proqress. In computer-assisted instruction (CAI), all

the instructional material is stored in a computer and presented

to the student in a controlled manner, e.g., via a cathode ray

tube or a visual projection device with random ac-ess to a large

reservoir of slides. The student responds to this material by

touching portions of the screen sensitive to touch or by using
a keyboard or teletypewriter. In computer-managed instruction

(CMI), the lessons are performed away from the computer in a

learning carrel or on a laboratory bench set-up. The :;tudent
takes a test at the completion of each lesson; the answers, on
a sheet, are scored by the computer which then directs the stu-

dent to a new lesson or to additional practice on the current

one.

CAI and CMI systems are not maintenance simulators but
they have been used to provide certain aspects of maintenance

traininq, e.g., knowledge of operating principles, trouble-

shooting procedures, fault identification, and the knowledge

aspects of remove and replace actions (i.e., what the technician

should do after a fault is identified rather than replace

actual parts). Knowledge about maintenance procedures can be
acquired on a CAI and CMI system, but this is accomplished with

less fidelity and with little of the hands-on experience that

can be provided by a maintenance simulator, particularly of
the 3-D variety. Elsewhere in this paper, where we consider

co.sts, we characterize some maintenance simulators as CAI-like.

In a previous study, the authors examined the cost-

effectiveness of computer-based instruction in military training
(Orlansky and String, 1979). Some of the courses on which
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effectiveness data were available involved instruction similar

to that provided on maintenance simulat.,,'s, i.e., basic elec-

tronics, vehicle repair, fire control :;% trm maintenance, pre-

cision measuring equipment, and weapon., -:-chanics. Data on

student achievement in these courses are :resented in Table 5;

there are 28 data points which compare co-ventional instruction

to the use of CAI and two to CMI. Student achievement in these

courses at school with CAI or CMI was the ome as or superior

to that provided by conventional instruct:i!.n the amount. of

superior performance, when present, had zjtti, practical signi-

ficance.

Data on the amount of student t.•ie :•rived •i CAI or CMI in

these courses, compared to conventional instruction, are shown

in Table 6; there are 30 data points. The amount of time saved

by computer-based instruction varied prom -32 to 59 percent,

with a median value of 28 percent.

These data on student achievement and on student time

savinqs with computer-based instruction are consistent with

that reported above for maintenance simulators. Orlansky and

.,trinq (1979) found that students favor computer-based instruc-

tion while inistructors do not. They also found that computeL-

based instruction itay increar? f tudent attrition, a matter not

considered so far in any study of maintenance simulation.

In summary, the, data show that maintenance simulators are

as effective as actual equipment when used for traininq. mili-

tary technicians. These results are consistent with the results

oF studies of computer-assisted and computer-manaqed instruction

in courses that provide technical information similar to that

provided in maintenance traininq. A few 3tudies show that

maintenance simulators save student time but most studies did

not address this issue. Students favor the use of maintenance

simulators; instructors favor, are neutral, about, or do not

favor such simulaLors in about equal numbers.
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Claims have been made that maintenance simulators are

superior to actual equipm~ent for training because of their

capability to demonstrate more malfunctions, provide greater

freedom from breakdown in the classcoom environment, provide

an opportunity to save instructor time, and so on. No studies

were found that examine these capabilities. No data were found

on student attrition when simulators are used.

C. PERFORMANCE OF TECHNICIANS IN THE FIELD

The effectiveness of maintenance training is determined

ultimately by how well maintenance personnel perform in the

field rather than~ at school. Only Cicchinelli, Harmon, Keller,

et al. 1980, among the studies we were able to find, compared

the performance of students trained with a simulator (the 6883

Test Station 3-D Simulator) or actual equipment trair er for

varying periods of time after leaving school. According to

ratings made by supervisors, no differences were found between

both groups of students.

The military services use five large data manaqement

systems to provide detailed information on the current main-

tenance status of military equipment. These data systems

are identified below:

Service Maintenance Management System

Army TAMMS The Army Maintenance Management
System

Navy Ships' 3-M The Naval Ships' Maintenance and
Material Management System

Navy Aviation 3-M Naval Aviation Maintenance and
Material Management System

Air Force 66-1 and 66-5 Air Force Maintenance Management
Systems
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We examined the possibility of using data available in these

systems to describe the performance of maintenance technicians

in the field (see String and Orlansky, 1981). if this yielded

useful information, we might be able to compare, for example,

the real short- and long-term effects of training personnel

with maintenance simulators or with actual equipment trainers.

We know, as was shown earlier in the chapter, that both are

about equally effective at school.

As presently constituted, these systems cannot provide

information useful for assessing the effectiveness of alter-

native methods of training. In a more general sense, this

applies also to information needed to validate many personnel

practices, such as recruiting, selection, and policy on pay and

allowances. The names of individuals who performed maintenance

actions are not kept in the records maintained in the central

da~ta files. The ability to identify and track individuals is

a mandatory requirement in any attempt to relate method of

training with subsequent performance. This type of data is

kept only at the field activities but it is discarded after

6 months. The use of maintenance records with personal iden-

tification for analytical purposes would require special methods

of processing in order not to infringe on provisions of the

Privacy Act. Even so, such records are not precise enough to

distinguish what parts of a maintenance action were performed

by a particular individual, particularly when the work is

performed over more than one shift. The practice of cross-skill

maintenance, to train individuals to maintain a wide variety

of equipment under combat conditions, assigns individuals to

tasks for which they were not trained at school and it would

complicate any analytical effort. In brief, it was concluded

that presently available maintenance data records can not be

used to assess the effectiveness on the job of various mnethodsr

of training at school; it is conceivable that these systems

could be modified to provide the data that would be needed.
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That the performance of maintenance technicians affects

the quality of maintenance can hardly be doubted. A few studies

have examined this possibility by analyzing selected data on

components removed for replacement or repair that were found

later not to contain any malfunction. These studies examine

data produced by a group of technicians in a particular work

center; they do not review the performance of individual techni-

cians and do not address the method(s) by which these technicians

were trained.

Findings from seven studies are summarized in Table 7.

All involve corrective maintenance at the organizational level,

although one also involved intermediate maintenance. Most

concern maintenance of aircraft, a few of surface vehicles

The periods of observation are relatively long (6 months or 1

year; one is for only one month). The removal o' non-faulty

parts, in these studies, accounted for 4 to 43 percent of all

corrective maintenance actions and 9 to 32 percent of all

maintenance man-hours. One study (Gold, Kleine, Fuchs, et al.,

1980) found instances where faulty parts were not removed and

where good parts were damaged during corrective maintenance.

These findings suggest strongly that, properly modified, the

maintenance data systems might provide data on human performance

useful for val~idating different methods of training. Even so,

it is well to recognize that not all instances of removal of

good parts necessarily imply inadequate performance of tech-

nicians. Such removals could also be due to inadequate test

equipment that cannot distinguish between good and bad parts.

It is also possible that, when under great pressure to return

equipment to an operational status, technicians may deliberately

remove and replace a large number of components just to make

sure that the faulty ones have been eliminated. Validation

of training devices and procedures would probably need more

data on job performance than just that concerning the unneces-

sary removal of good parts.
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EII. COSTS OF MAINTENANCE SIMULATORS

A. INTRODUCTION

This chapter discusses the costs of maintenance training

simulators. Three classes of simulators are defined, their

characteristics and uses wit-hin the Services are discussed, and

a structure of data for analyses of their costs is formulated.

Available cost data tor maintenance of simulators are discussed

in terms of the problems, with respect to costs, that arise

from their physical characteristics, procurement quantities,

and contracting practices. The costs and characteristics of

selected simulator programs are presented in Appendix B.

B. CLASSES OF SIMULATORS

With respect 'to thec costs r~f maintenance training simula-

tors, it is useful to distinquish among three classes of de--

vices, denoted here as "standard" systems, "non-standard" sys-

tems, and "CAI-like" systems. Differences among these three

* 'types lie in the following areas:

* Physical characteristics,

e Complexity and cost,

* Extent of use within the Services (i.e., the inventories

of devices in use and under contract), and

9 Contracting practices employed in their procurement (and

hence cost data that are available).
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1 Standard Systemsl

The critical distinction between standard and cther classes

of maintenance simulators is standardization of the physical

configuration. Simulators of this class consist of two elements:

one element, called here the "general simulation system" consti-

tutes a generalized and adaptable (but incomplete) simulation

capability that can satisfy a wide range of specific training

applications. The second element, that tailors the qeneral

simulation system to a particular training application, is typi-

cally limited to courseware and pictorial or other representa-

tior's (i.e., the simulation model) of the particular equipment

beinq simulated. Standard systems were the earliest type to be

used for maintenance training and are the only class to achieve

extensive use. The three Services have procured close to 650

simulators for nearly 200 separate training applications (train-

ing courses or course segm~ents).

only four companies have manufactured standard maintenance

simulator systems: Educational Computer Corporation (ECC);

Burtek, Inc.; Ridgeway Electronics, Inc.; and Lockheed Aircraft

Services Co. (LAS). For all but Ridgeway, this type of simula-

tor is onLy one of several product lines; and for all but LAS,

these companies manufacture only educational and training equip-

ments.

Compared with the other classes of simulators, the stand-

ard systems ar,- generally low in cost and limited in terms of

the complexity of processes t~hat can be simulated. Development

of particular training applications typically involves small

risks. With few exceptions, these devices have been procured

through fixed-price contracts.

2. Cost Impact of Standardization

The four manufacturers have produced six standard simu-

lator systems or models. The elements that are typically com-

mon to a model consist of data-processing hardware (a central
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processor and a partial set of input/output devices), .,the soft-

ware operating system, audio-visual devices, and structures for

housing all the components of the simulator. T.ken together,

these are generally referred to as the "mpi•6frame" or "console".

The components that are tailored to the particular application

consist of other input/output devices (typically a display

panel depicting the operational and test equipment being simu-

lated) and courseware in the form of an application program

[contained in magnetic tape, disc, or plug-in programmable-read-

only-memory (PROM) units].

The size and structure of display media may vary within a

sinqle model, and the same simulation application may be pro-

duced with two sizes of display panels--one for classroom

demonstrations and one for individual use. Advances in micro-

processor technology appear to have fostered further variations

within a model while retaining the essential attributes of

standardization. One ECC model has been delivered with pro-

cessor memories ranging between 16 and 48 thousand bytes. The

variation in memory size has permitted cocrespondinq variations

in complexity of simulation and the use of audio/visual devices.

For example, the 48-thousand-byte devices procured through an

Army contract for XM-I tank training will drive a cathode ray

tube (CRT), printer, random-access slide projector, and an

audio device in addition to the normal simulator display

panel. A contemporary Navy contract (for entry-level skill

training) specifies the same model with a 16-thousand-byte

memory and with only the display panel.

The physical arrangement of standard systems aopears

respecially adaptable for 2-dimensional trainers. However;

3-dimensional simulation is possible.

One impact of standardization is interchangeability, and

this serves to reduce costs of both manufacture and repair.

Individual consoles may be easily modified to different train-

ing applications. Two of the standardized models are designed
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so that the tailored, specific components of any training

application (the display panel and courseware) can be mated

with a single console in the classroom or laboratory; a third

model can be ordered with either classrooni-changeable or fixed

panels. As a result, a single console may be used in a number a
of training applications at the same location. One of these

models (the ECII provides the bulk of the simulators used in

Naval aviatioL, weapon-specific training. Naval aviation train-

ing is organized so that both maintenance and a part of pilot

ground training for one model of aircraft are conducted at the

same Naval Air Station (NAS) by Naval Air Maintenance Training

Detachments (NAMTD). While a large number of different dis-

play panels (up to 25) may be employed for maintenance training

by one detachment, a NAMID will generaliy have no more than two

main frames that will be shared by all pilot and maintenance

training courses.

The more important cost impact of standardization lies in

the corrtnonality of system software. Available evidence points

to the programming and programming design effort as the major

cost .-,f non-standard simulator developnint. This high cost

provides a strong incentive for producers to develop a single

basic software system that is both comprehensive and adaptable

to a w de range of potential training applications. Develop-

ment of such a software system reduces the programming asso-

ciated with a particular training application to a relatively

small set cf courseware written in a high-level and relatively

simple language that may (in the case of maintenance simula-

tion) reduce to a sequential coding of the maintenance proce-

dures/steps set out in technical orders.

Commonality of software is the distinguishing aspect of

standardization, and manufacturers have placed a heavy emphasis

on Ieveloping versatile software packages. Once developed, they

are tightly held, considered proprietary, and may (at least in

part) he hardwired into simulators. In additicon, the software
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packages have been retained while other features of the general

simulation systems have been allowed to change. ECC has pro-

duced two generations of standard training simulators; the

later one employs an advanced, higher capability processor and

has a quite different physic;l appearance, but uses the earlier

software package. LAS produces two models of simulators that

employ different types of display panels. Yet, the two employ

the same software system and 3eem best considered as a single

generalized system.

3. Non-Standard Systems

The non-standard systems present a picture that is quite

different from the standard system:. Seventeen non-standard

programs (discussed in Section C, below) have been initiated;

with one exception, each appears to involve a complete (i.e.,

ground up) development effort. Taken as a group, their out-

standinq characteristic is diversity, encompassing different

contractors and types of contracts, procram purpose, numbers

of devices manufactured, physical characteristics, complexity,

and cost.

Two programs (the AT Trainer and AN/TSP-43E radar) have

been in-house projects at military installations while the

remaining 15 have been contracted to one or more firms. The

15 contracteo' proqrams have involved 10 firms as principal con-

tractor; one company (Honeywell) has played this role on five

projects. Only on-ý firm (ECC) has also had experience in pro-

ducing a standard device; four firms (Grumman, RCA, Hughes, and

Sperry) also produced the tactical equipment being simulated.

Three programs (the MA-3, A-7 HUD, and 6883 Test Benches)

have research in maintenance simulation as their principal pur-

pose and employ cost-plus-fixed-fee (CPFF) contracts. The other

14 programs (including the two in-house programs) serve main-

line training. Ten of the 12 that were contracteC were funded
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through either fixed-price-incentive-fee (FPIF) or firm-fixed-

price (FFP) contracts; the remaining two (MK 92 FCS and Fire-

finder) employed cost-plus contracting.

When completed (as currently planned), the 17 programs

will result in the development of 47 unique simulations and

delivery of 687 units, i.e., trainers. The Mk 92 FCS, CIWS,

and F-16 programs will be responsible for 30 of the different

simulations and 632 of the trainers; both the CIWS and F-16

address training in a number of skills for a single weapon sys-

tem and will result in the development of a fomily of devices

with extensive commonality, -ather similar to the standard

systems. Typically, the other programs are concerned with

single training applications and a single training device.

The physical characteristics of the non-standard simula-

tors appear to be similarly diverse. There are two- and three-

dimensional trainers. Since software is normally closely

held by contractors, wide variability can be expected. Fur-

ther, since a non-standard system typically simulates only

one tactical system, it is not necessary to provide a defini-

tive separation between software and courseware functions.

The total program costs of the non-standard systems

(adjusted to current price levels) differ by factors of up

to 300:1, and the average costs of devices differ by factors

of up to 40:1.

4. CAI-Like Systems

A CAI-like maintenance simulator is a computer-assisted in-

struction (CAI) system with courseware designed specifically to

train maintenance skills. A typical CAI system uses a 2-dimen-

sional display (CRT and/or random access slide or microfiche

projector) to present lesson materials (pictures of equipment

and the like) under control of a computer that also monitors

student progress, prescribes lessons, and scores tests. When

adapted to maintenance training, the CAI features are retained,
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and the trainer may also employ 3-dimensional depictions of

equipment.

One expe-imental system of this class (the Rigney Trainer)

has been built, and two other systems have recently been placed

under contract. A contract for the design and fabrication of

prototype units of the Electronic Equipment Maintenance Trainer

or (EEMT) was awarded to Cubic Corporation by the Navy Personnel

Research and Development Center (NPRDC) in August of 1980, and

a preliminary design has been formulated. The Army has leL

several contracts for the study of design concepts for the Army

Maintenance Training and Evaluation Simulation System (AMTESS)

and let a contract to Grumman Aerospace in December 1980 for

construction of two "breadboard" units for further evaluation.

EEMT is intended for initial skill ("A-school") training,

primarily in electronics. It is to provide both 2-dimensional

displays (generated through a cathode ray tube) and 3-dimen-

sional simulations and is to be capable of simulating a variety

of particular electronic systems. This latter capability is the

basis for distinguishing CAI-like from the other classes of main-

tenance simulators. The software system must be compt'hensive

and adaptable (as in the case of standard systems). In addi-

tion, both the software system and the courseware must be more

extensive since they must also provide the information that

would be contained on the display panels of simulators that are

tailored to a particular training application (whether standard

or nonstandard types).

The only information available to this project on the costs

of CAI-like systems is contained in the cost proposal for the

EEMT system. In this proposal, requirements for labor (of all

types) were stated in terms of hours, with insufficient infor-

mation to convert them to dollar costs to develop an estimate

of total program costs. As a result, the CAI-like systems are

not discussed further in this chapter.
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C. SERVICE USE OF MAINTENANCE SIMULATORS

Service inventories of maintenance simulat-ors show quite

diverse policies reqardinq their use. Table 8 presents a sum-

mary of the different types and total quantities of trainers

procured by each Service and distinguishes between Naval/Marine

Corps aviation and other Navy and Marine Corps usage. The

differences in reliance on simulation are more evident in the

case of standard systems. The bulk of Navy afloat and Air Force

non-standard systems result from the Mk-92, CIWS (Phalanx),

and F-16 programs. in the absence of these two programs, there

would be little difference among any of the Services. It is

noteworthy, though, that these large programs are in areas that

have shown the least use in the standard systems in the past.

TABLE 8. SUMMARY OF MAINTENANCE TRAINING SIMULATORS DELIVERED
AND ON-CONTRACT SINCE 1972, BY SERVICE AND BRANCH

StandardSy tems Non-Standard S stems

Service and Branch Number Tfotal um~er I oTotal
Different Number Different Number
Devices of Units Devices of Units

Navy/Marine Corps 137 354 6 11
Aviation

Marine Corps Ground 27 129 0 0
Forces

Navy Afloat 4 10 25 581

Army 24 158 2 34

Air Force 2 2 14 61

Totals 194 653 47 687

one result of standardization is that it is difficult to

identify specific simulator development or procurement proqrams.

The standard devices that provide traininq for a particular sys-

temn (e.g., a given model of aircraft) may have been procured
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through several contracts initiated at different times. A

* single contract may encompass varying quantities of devices for

several equipments and include procurement of the general simu-

lation system as well as the unique components for different

training applications. As a result, the discussion of usage of

these devices is limited to procurement quantitiis by Service

and according to skill areas trained and to the market shares

of four contractors. The non-standard systems are developed

and procured within well-defined programs that are related to

particular Simulator systems and training applications and are

discussed in that context.

1 . Standard Systems

The first. procurements of standard maintenance simulators

occurred in the 1972-1973 period when limited quantities were

delivered to the Air Force, to the Navy for surface traininq,

and to the Marines for ground forces training. The first

deliveries for Naval/Marine Corps aviation training occurred

a few years later, and since that time this training has become

the most extensive user of standardized systems. The current

inventory of 354 devices accounts for 70 percent of the dif-

ferent simulations and nearly 55 percent of the total units

employed in military training.

The Marine Corps was the earliest service to contract for

a siqnificant number of standardized systems. A 19712 contract

called for delivery of 15 units (encompassing 11 different

simulations) for training of ground equipment maintenance;

this was followed in 1975 with a contract for 114 units of 27

different simulations (including reprocurement of the 11 types

*of simulations contracted for in 1972). The last of the Marine

Corps inventory was delivered in 1976 and none have been con-

tracted for since that time.

The first known Army use of standard systems for mainte-

nance training was in 1977, with the delivery of two devices
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for traininq of the Mohawk propeller control system. Since

that time, the Army has procured devices for training of other

aircraft systems and several armored vehicles. Note that the

numbers shown in Table 8 include only devices that were procured

through the Program Manaqer for Trainin; Devices (PMTRADE). The

devices listed in Table 8 may be an incomplete listing as Army

management procedures allow training devices to be contracted

for throuqh weapon system program offices and individual base

commands. Such devices are not registered in a central invert-

tory record and cannot be readily identified.

Both the Air Force and Navy afloat have made little use of

standardized simulators. The Air Force procured one device in

the early 1970s to evaluate its use in training AN/ALO-126 radar

maintenance personnel (as part of a research project). A second

device simulating the 6883 Test Bench was delivered in 1980,

also for evaluation as part of a research program. The Navy

procured five copies of one device for training in the tuning

of traveling wave tubes in 1973. The next delivery of this 6

class of simulator (the Hagen Automatic Boiler Control Simula-

tor) was in 1978 as part of a research program investigating

training strategies for equipments the maintenance of which

requires personnel trained in different skill areas. The only

current use of standard simulators for main-line training con-

sists of two devico, c,,'. training maintenance of the Trident

submarine air-conditic-iinq and air-compressor systems.

The standard systems have been us(ýd for trainiing in a

variety of skill areas, as shown in Table 9, with training

applications spread rather equally among the broad groupings of

electrical and electronic, propulsion, and combinations of

mechanical/hydraulic/pneumatic areas. This stands in contrast

with the non-standard systems discussed below where, excepting

the two large weapon-system-oriented programs (F-16 and CIWS),

all but the MA-3 and DD 963 boiler programs have been limited

to simulation of electronic systems.
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TABLE 9. STANDARD SYSTEMS DELIVERED AND UNDER CONTRACT,
bY SERVICE AND SKILL AREA

Number of rrota
Skill Area by Military Service Different Number

Simulations of Devices

Marine Corps Ground Forces

Electrical 12 38
Propulsion 11 75

Hydraulic-Pneumatic 4 16

Naval and Marine Corps Aviation

General Skill Traininga

Electrical-Electronic 10 78

Propulsion 16 30

Electro-Hydraulic 14 76

Weapon-Specific Training
Electrical 18 24

Electronic 23 34

Propulsion 14 14

Electro-Hydraulic 1 I

Mechanical-Hydraulic 29 35

Unknown 12 12

Navy Afloat

Hydraulic-Pneumatic 2 2
Combination of Skill Areas 1 3

Electronic 1 5

Air Force

Electronic 2

Army

Avi a ti of
Electric 3l 4 22

Electronic 4 48

Hydraulic 1 2
Mechanical-Hydraulic 1 7

Electro-Mechanical 2 14

Ground

Electrical-Electronic 2 4
Propulsion 4 16

Hydraulic 2 9

Electro-Hydraulic 4 36

Salncludes training in aircraft and ground support equipment.
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A relevant point to be seen in Table 9 is that while these

systems have found a wider range of applications (in terms of

different simulations) for weapon-specific Naval aviation train-

ing, one or two units (trainers) of a given simulation will

satisfy a training requirement. That is, 97 different simula-

tions (training applications) are satisfied by 120 devices, an

average of only one and one-quarter units of each simulation.

This contrasts with the larger numbers of identical units re-

quired for general aviation skill training (or for training for

widely held equipments such as those employed by the Army and6

Marine Co,.ps ground forces). Non-recurring costs involved in

bringing a simulation on-line are fiqh compared with the costs

of fabricating additional units of an already designed simula-

tion, and this relation has a large impact on the average costs

of simulation in training for different types of equipments.

Table 10 shows the number of stardard systems delivered

and under contract, accocding to manufacturer. ECC appears to

dominate the market, but the extent of this domination is de-

creasing. Ridgeway is a new company that appears to be aggres-

sively marketing its system. As of mid-summer 1980, all of

the 107 Ridgeway devices shown were under contract, but none

had been delivered. ECC, by contrast, had undelivered orders

for 100 devices. When all of these deliveries are completed,

the percent of devices in use that are manufactured by ECC

will drop from 90 to 75.

Standard maintenance simulators are not major products of

either Burtek or Lockheed Aircraft Services. Burtek produces

a wide range of training devices (from aircraft evacuation and

ejection seat trainers to automated study carrels) for both the

civilian and military markets. Lockheed Aircraft Service pro-

vides a wide range of aircraft-related products and services

(including aircraft modifications, full-scale models, mock-ups,

and training services) for both military and civilian customers.
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TARLE 10. STANDARD SYSTEMS DELIVERED AND UNDER CONTRACT,
BY MANUFACTURER SINCE 1q72

Manufacturer

Educational Ridgeway Burtek, Lockheed
Computer Electronics, Inc. Aircraft

Corporation Inc. Service

Marine Corps Ground Forces
Unique Models 27 ..
Total Held 129 ......

Naval & Marine Corps Aviation

General Skill Training
Unique Models 21 18 1 --
Total Held 119 103 12 --

Weapon-Specific Training
Unique Models 74 -- 12
Total Held 97 - 11 12

Navy Afloat
Unique Models .3 --
Total Held -- 5

A nny
Unique Moeels 22 1 1

Total Held 152 4 2

I USAF
I Unique Models --

Total Held --

I Total
Unique Models 146 19 17 12
Total Held 503 107 31 12

2. Non-Standard Systems

The non-standard simulators are relatively recent develop-

ments. A listinq and description of the programs that have been

initiated to date are shown in Tables 11 and 12. In fact, there

* has been little experience in training with this class of simu-

lator. Several of these programs have yet to result in deliv-

eries; for several others, deliveries have not been completed

or deliveries have been of less than complete or full-design
configurations. There is generally an installation and checkout

period and a significant period between the initial and final

deliveries of a program so that, even where a full configuration

has been delivered, actual use for traininq would be less than

is suggested by Table 12.

55



TABLE 11. NON-STANDAID SIMULATOR PROGRAMS, DESCRIPTION

Designation of
Trainer Designation Description of Asso lated Operational Equipment Operational Training Equipment Cortractor(s)a

Equipment

Naval Aviation

VTAS Visual Target Acquisition System of F-4N, AN/AVG-H Honeywell

Al-1rainer All equipment maintained by AT rating on
F-4, J/N and RF-4B. (See Table C-6) In-House (North Island NARF)

A-( TRAM DRS Detection and Ranging System of A-6L TRAM. AN/AAS-33 Grunmnan, Applied Science

A-?I HUD Test Bencf, Head,-lip Display of A-7[. AN/AVM-11, Educatiulal Conjurter Corporation,
AN/AVQ-7 Applima t -n,onnwe-IT-, -•ough t,

AACTS rigineerinq

MA-3 Test Bench Aircraft 12KVA generator test bench. MA-3 Ap 11limation, Seni le

LA-6B1 ICAP-I TJS Tactical Javning System, AN/ALQ-g9 Grumman
AN/ALQ-92

Navy Afloat

IRR Integrated Radio Room of Trident submarine, AN/BSC-I RCA, Educational Computer 4
C.orporation

CIWS Short range anti-aircraft gun system for
surface ships (Phalanx close-in weapon
system). -- Cubic

Waste Heat Boiler DO 963 Waste Heat Boiler. -- Applimation

MK 9V FCS Fire Control System MK 9,', Mad K. ICS MK 92 Mod () Sperry

Air 'orce

6883 Test Bench Test bench for a portion of F-ill avionics, AN/ASM-427 Honeywell

AWACS Navigation Navigation system of E-3A. AN/ASN-lii Honeywell, American Institute
Tor earch

AWACS Radar Radar system of E-1A. AN/APY-l Hone ell, American Institute
or esearch 4

F-16 Avionics, electrical, propulsion, hydraulic,
weapon control systems of F-16. -- Honeywellb

FPS-43E Ground radar system. AN/TPS-43E In-house (Keesler AFB)

Firefinder Mortar and artillery-locating radar systems. AN/tPQ-36, Hughes Aircraft
AN/TPQ-37,

RlIES Tactical communication system. AN/TRC-138, Gould
AN/TCC-73 (3),
AN/TRC-145,
AN/TRC-151,
AN-TSQ-84,
AN/TSQ-85

awhere more than one contractor has been involved in a program the "ime of the principal contractor is underlined.

b ,ubcontractor to the weapon syscem cortractor.

O
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These 17 programs do not seem to provide a representative

sample of the potential range of application for the non-

standard simulators. All but the three research programs

(A-7 HUD, MA-3, and 6883 Test Benches) are concerned only

with organizational maintenance, and these three were devel-

oped as research vehicles. Initially, none were envisioned to

provide main-line training, although current planning is for

the MA-3 to provide training. Only four programs (MA-3 Test

Bench, F-16, CIWS, DD 963 boiler) simulate other than electronic

equipments. The F-16 and CIWS are large simulation programs

to provide training in several of the skills (including elec-

tronics) required for maintenance of a weapon system. This

seems hardly representative of overall maintenance training

requirements and is quite different from the pattern observed

for the standard systems.

a. Concurrent Development. The sample is sufficient,

thouqh, to illustrate some of the characteristics associated

with non-standard simulators, three of which are discussed here.

The timing of deliveries of training devices is critical for

the introduction of new or modified operational equipments.

Training equipment, of whatever type, must be in place before

training can commence, and personnel ninst be trained before

the operational equipment can become an effective part of the

force. Training simulators require their own development

period, and this must occur concurrently with development of

the operational equipment. However, the operational 2quipment

is subject to frequent modification during development and for

a considerable period after its initial fieldinq. Even minor

modifications can have a larqe impact on the costs of simulator

development. At least five of the 17 simulator programs in-

volved concurrent development; the A-6 TRAM DRS, the A-7 HUD,

the Trident Radio Room, the F-16 trainers, and Firefinder. In

each case, the simulator programs incurred significant enqineer-

ing chanqes that increased their costs. The A-6 proqram required
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extensive software changes that amounted to 30 percent of the

final program cost. The addition of FLIP, to the A-7 HUD trainer

accoumted for approximately 40 percent of the total program

cost. In the F-16 program, it seems _ possi.ble to attribute a

dollar cost to changes, but they are generally acknowledged to

be a major portion of a cost overrun that amounted to three

times the initial program estimate. Not only were changes to

the aircraft frequent, but documentation of the changes that

were necessary for simulator design ran as much as 12 mo.nths

behind implementation of the changes themselves. Changes in

the rrident Radio Room and Firefinder program were not as dra-

matic but still had a significant impact on development costs.

A related problem is that modifications and configura-

tion *2haiiges are common for airccaft that have beýen fielded for

a considerable period. Changes to operational systems may re-

sult in simulator modifications whose costs approach the cost
of development ot the original device. This is close to the

situation of the A-7 HUD simulator; a day version of the opera-

tional equipment had been in use for several years, and the FLIR

version entei 2,, (evelopment 6uring development of the trainer.

Contract cos attributable to modifying the trainer to simulate

the! FLIR amounted to 85 percent of the original contracts for

the day version trainer. Modifications to operational equipment

have resulted in the obsolescence (and discarding rather than

modificationl of a number of standard simulators.

b. Quantities Fabricated. For nine programs in t'.is

sample, for which cost information was available, development

cost averaged over three times the recurring cost of simulator

fabrication and initial support. This provides a large poten-

tial for reducing average costs by simulation of equipment for

which there is an extensive training requirement, such as equip-

ment used for general skill training and equipment that is used

on widely held weapon systems. Only three of the 17 programs in

the sample simulate this type of equipment. The MA-3 Test Bench
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is a universal test stand used throughout the Navy for onshore

testing of all models of generators and constant speed drives

that supply aircraft primary electric power; although the MA-3

Simulator is a research device, with only one unit built, it

has a potential for providing training at ali Naval and Marine

Corps air stations. The CIWS and Mk 92 Fire Control System

are to be installed on a large number of surface ships, generat-

inq an extensive training requirement; current planning calls

for fabrication of 36 sets of eight simulations for CIWS train-

ing and 24 sets of 12 simulations for Mk-92 FCS training. In

contrast, a few units appear to satisfy the training requirements

for the bulk of the other simulators in the sample. As examples,

the present F-16 contract provides for delivery of equipments

to only three air bases; training for specific types of Naval/

Marine Corps aircraft is provided at only one to three air sta-

tions so that buys of weapon-specific simulators (such as the

A-6 TRAM DRS) will be limited to a small number.

c. Substitution Relations. Simulators are generally

viewed as substitutes for actual equipment trainers. Whether

this is a correct way to view simulators should be argued

separately; simulators and actual equipment can each be used

for training in ways that are not possible by the other. The

question of substitutability is not a simple one and Lhe extent

of substitution depends on the nature of the simulation, the

equipment being simul&.ed, and the extent of training provided.
Within these 14 programs are examples of four different rela-

tions between simulators and actual equipment trainers.

The MA-3 Test Bench and 6883 Test bench programs il-

lustrate cases approaching pure substitution. Each program

provides training in both the operation of a test bench (i.e.,

maintenance of operational equipment) arid mainrenance of the

test bench itself. Each simulator was designed to replace

some (but not necessarily all) operational equipment that had

been used for training.
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In the case of the AWACS system, the naviqation system

simulator has been used to implement a substitution of school

training for on-the-job training (OJT). Prior to introduction

of the simulator, formal (school) training was limited to the

classroom, and hands-on systems tt-aining was provided only as

OJT at an operational base. Introduction of the simulator

permitted the hands-on training to commence at the training

school and should result in a shorter period of OJT before

personniel are qualified for independent work.

Trident radio room training employs both the simula-

tors and a modified complete operational radio room (actual

equipment trainer). That is, they complemen~t one another,

with each contributing to different elements of the curriculum.

They are also substitutes. An early assessment of Trident

training requirements developed two alternative equipment

configurations for radio room training. One was the current

combination of simulation and AET. The second was the use of

three AETs only. The choice of the combination of actual equip-

ment and simulation was based, at least in. part, on cost con-

siderations.

'In the case of several other programs, both actual

equipment and simulators are used, but for somewhat different

reasons. The A-6 TRAM DRS contains both electronic and mech-

anical components. The simulator is limited to training on

the electroni~c portion of the system, and the actual equipment

is required for the mechanical training. None of the organiza-

tional echelon aviation simulators can wholly substitute for

operational equipment. Typically, both organizational and

intermediate maintenance training is provided at the same

location and, frequently, in the same training course. The

intermediate level training will require a~ctual equipment, but

normally in the form of individual components rather than an

integrated system.
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The cost effectiveness of simulation for training

maintenance skills depends upon its impact on total training

costs. Variations in the substitutability of simulators for

actual equipment trainers imply that simple comparisons of the

relative costs of the two types of training equipment cannot

be taken as reliable guides to the relative costs of training.

Assessments of the cost advantage of using simulation must be

based on comparisons of the total costs of satisfying particular

training requirements with and without such simulators.

D. STRUCTURE FOR COJ 4ECTING COST DATA

The set of cost element~s shown in Table 13 is an initial

formulation of a functional cost structure for collecting data

to develop cost-estimating relationships and other tools for

assessing the costs of maintenance training simulators. It is

a mixture of elements that are generally associated with other

types of military equipment as well as those that seem particu-

larly relevant to processor-driven simulators; it relies heavily

on discussions with people who have had experience with simula-

tor procurements.

This cost elem.ent set is incomplete in two ways. First,

it is at a level of aggregation that may prove insufficient for

identifying the basic cost drivers. Second, even at this rela-

tively high level of aggreqation, we are uncertain that it is

fully specified. With our current knowledge regarding the

determinants of cost, it does not i~ppear feasible to carry the

specification further.

This struct ire does, though, treat the two important cost

characteristics of maintenance training simulators evidpnt~ in

the data currentlv available -- the separation of recurring from

non-recurring costs to identify program development costs and

the separation of software (and courseware) from other develop-

ment costs to identifýý the (apparently) dominant requirement.
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TABLE 13. COST DATA STRUCTURE

I n-house On Contract -

Front End Analysis

Task Analysis

Performance Specification--

Engineering Specification _____ ____

Design and Development

Hardware _____ __________

Software______ ___________ ___

Courseware6

Technical Data_______ ______

Test and Evaluation

Acceptance______ _______ ____

Training Effectiveness _____ ____ ____

Fabrication

Hardware ___________

Installation and Check-out______7

Special Tools/Test Equipment________a

Logistics Support

Interim Maintenance Support-___ __

Other____ __

Facilities (Construction/Modification)

Initial Training

Program Management__ _
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Further, it is structured as a matrix. Several contractors

may be involved in a single program; one contractor may be

engaged in several (sequential) contracts on a single program;

programs are generally sectioned into distinct and identifiable

phases; and, changes in program scope and statements of work

are frequent. In each case, the types of work and relations

among costs may differ in systematic fashion, and these dif-

ferences should be preserved in whatever data are collected.

A major problem with formulating a structure for collect-

ing cost data at this time is the current paucity of data.

There is no general requirement for systematic and periodic

reporting of all elements of the costs incurred by contractors

of training equipment. With a single exception, standardized

work breakdown structure :; (WBS) for traininq equipment have

not been developed and employed; thus even if contractor costs

were to be reported, there would likely be incompatabilities

among the data from different programs.

A periodic cost reporting system addressed to simulators

should be based on a single basic WBS that would be applicable

to a variety of simulator types and other training equipments

and serve both proqram-manaqement and cost-assessment functions.

0 The Army is currently developing a general WBS for all training

equipment. It has yet to be imposed on a procurement program,

and it appears to be directed only to cost assessment. The Air

Force has developed a WBS that has been used for both management

and cost assessment, but its application is limited to flight

simulators. There appear to be significant differences between

these two structures, and neither seems to satisfy the criterion

of general applicability (e.g., neither appears to provide for

a definitive separation of recurring and non-recurrinq costs).

In general, the program costs collected during this project

(contained in Appendix B) are assessed in the format of Table 13.

A next step in assessinq the format (i.e., the adequacy of data

it displays) would be to obtain measures of simulator physical
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and performance characteristics for the current programs, to

test for relationships between these characteristics and levels

of costs and, since this structure addresses only assessment of

costs, to reconcile it with the data requirements of program

management.

E. COSTS OF MAINTENANCE TRAINING SIMULATORS

1. Standard Systems

For practical purposes, the data now available on stand-

ardized systems are insufficient for analysis of cost and es-

pecially for relating costs to physical and performance charac-

teristics of the trainers. Almost all procurements are under

FFP contracts where formal documentation is typically limited

to performance specifications issued with the request for pro-

posal (RFP), contractors' technical proposals, and the contract

itself. The physical and performance characteristics may

change, as the result either of contract negotiations or of

subsequent contract modifications, with the corresponding docu-

mentation not being revised.

Cost documentation is normally limited to the line-item

structure of the contract; for the standard systems this is

sketchy at best and can be misleadinq,. A major problem is that

contract line-item structures are in terms of the products (or

deliverables) that result from the contract (e.g., trainers,

data, contractor field services, conferences). While this

structure does provide useful information for cost control and

manaqement, it provides none of the attributes of a functional

WBS necessary for evaluation. The contract line item "trainers"

typically encompasses over 70 percent of a total contract value.

Within this 70 percent are contained (or hidden) those cost dis-

tinctions that allow simulator and procurement program charac-

teristics to be related to program..cost (e.g., between recurring

and non-recurrinq costs, between development and fabricatior,

between hardware and software).
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Nine contracts were reviewed, and the information they con-

tain is shown in Table 14. (In the discussion below, these con-

tracts are referred to according to the column number of the

table.) This set of contracts includes four models of standard-

ized systems built by three contractors and appears to present a

representative sample of available data.

Individual contracts show a wide range in the number of

different types of trainers or simulation models developed (1

to 27), the number of trainers procured (2 to 114), and their

average costs (from under $10,000 to over $80,000). An impor-

tant feature for assessing costs is that most contracts involve

development and procurement of trainers for a number of training

applications and several copies of each type of trainer.

The line item listing shown in Table 14 is close to the full

cost detail given in the contracts. The only items contained

in the "other" cateogry are conferences, training, and reliabil-

ity and maintainability programs and demonstrations. A separate

line item is normally shown for each type of trainer delivered

on the contract, but that. single line will contain the cost of

tboth the first or prototype unit (with the development costs

it entails) and all follow-on units.

Separation of costs between the prototype and follow-on

units is contained only in contracts 1, 6, and 9. In contract

1, the same unit cost is charged to all 10i. follow-on un~its; in

contract 9, follow-on units (no-: included in the Table 14 values)

are specified as a contract option at a cost different from the

prototypes, but four of the six trainer types are attributed

with the same follow-on unit cost. In three other contracts,

the same unit cost is charqed to several different types of

trainers (both prototypes and follow-ons). In contract 1, the

average ratio of prototype to follow-on unit costs is approxi-

mately 16 to 1, while in contract 9 the ratio averages 3 to 1.

Since ECC is the contractor in each case (although different
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TABLE 14. STANDARD SIMULATOR CONTRACT INFORMATION AND COSTS
(NINE CONTRACTS)

Contracta

1 2 3 4 5 6 7 8 9 b

Service Navy Navy Navy Navy Army Army Army Army Armyny

Fiscal Year of Contract 1975 1978 1979 1978 1978 1977 1978 1979 1979

Simulator Model ECII ECý Ridgcway Burtek EC3 EC3 EC3 Ridgeway EC3

Type of Contract FFP FFP FFP FFP FFP FFP FFP FFP FPIF

Contract Value (000) $1,132 $1,301 $1,131 $259 $552 $1,770 $1,556 $236 $2,651

Number of Trainers Procured 114c 91 103 2 17 72 28 4 13

Number of Simulation Models
Developed 13 14 18 2 5 7 1 1 6

Average Number of Trainers of
Each lype 4.2c 6.5 5.7 1.0 3.4 10.3 25 4.0 2.0

Average Contract Cost Per Trainer
Delivery (000) $9.9 $14.3 $11.0 $129.5 $32.5 $24.6 $55.6 $59.0 $203.9

Average Cost of Trainers (000) $23.8 $18.3 $34.0 $26.6 $82.6'

Range of Unit Cost of Trainers (000) e $8.9-16,9 $6.5-9.0 $56 & 61

Contract Costs by Line Item (000)

Trainers (including installa-
tion)f $901 $1,268 $805 $117 $410 $1,363 $1,065 $106 $1,548

lechnical Data 142 181 27 93 18 244 57 18 293

Interim Support 19 15 75 17 60 70 304 4 73

Factory Repair of Spares
and Parts 5 45 20 10 75

Contract Field Service 40 12 25 12 110 145

Spares and Spare Parts 318 10 50 3 70

Support and Test Equipment
and Tools 22 65 9 8 18 10 30

Logistic Support Analysis 29 145

Other 10 3 24 8 11 52 13 8 4371

Contract Total 1,132 1,482 1,131 259 552 1,769 1,663 236 2,641

a7everal contracts have undergone modifications. Where information was available, the values in this table reflect the

modifications.

bContract Included one 'hands-on" trainer with a cost of $567 thoosand and 12 simulation trainers. Cost of the hands-on

trainer is included in the costs telow, except as noted.

cProcurement included 16 ECII consoles, 13 different simulations (66 total devicer) developed on this contract, 11 differentsimulations (45 total devices) developed on an earlier ..ontract, and three devices, addressing basic skills, that were
developed by the contractor for the civil market.

dExclsding cost of the hands-on trainer.

eThe range of prototype (first unit) costs was $27.9 to $32.2 thousand. All follow-on units were priced at $1.8 thousand,
regardless of whether the device was developed in this contract or the earlier contract. Consoles were priced at $16.5
thousand each.

fContract lines item listings normally show each type of trainer and its costs as a single contract item. However, the costs
of all trainers of one type will generally be contained in that single entry.

glncludes $170 thousand for claims resulting from contract modifications and $241 thousand for extensions to the software
_ system described as "for test set(s), procedure and performance monitoring.,".
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standard systems are involved), we would expect that the dis-

tinction between recurring and non-recurring functions would

be the same for each contract. If this is true, the wide vari-

ations in the recurring/non-recurring ratios are difficult to

accept. In only two contracts (1 and 6) are the costs of main

frames and panels shown separately, and the ratio of main frames

to panels varies. No contract provides for a separation of

functions associated with development (e.g., hardware, course-

ware) except for technical data, and in this case a single line

entry applies to all trainers included in the contract.

There is a considerable difference in the structure of

costs among the contracts, and it appears that the meanings of

contract line-item names have not been consistently applied.

For example, contracts 2 and 3 involve deliveriec (by different

contractors) of devices that satisfy the same training applica-

tion and have display panels constructed to a single specifica-

tion. On the basis of the ranges of unit costs that are given,

it would appear that ECC costs are higher. However, on the

basis of average contract cost per delivery (total contract

value divided by the number of trainers procured) the difference

is considerably narrower, and it would appear that a number of

contract functions that are costed separately in the Ridgeway

contract are included under the cost of the trainers in the

ECC contract.

This discouraging assessment of available data has been

reinforced by discussions with procurement office personnel at

the Naval Training Equipment Center (NTEC). Several have

expressed opinions on two points that impact on the validity

of contract item costs. One is that contract negotiators focus

on "bottom-line" (total) costs and that, within this constraint,

contractor representatives will trade-off the amounts charged

to individual line-items until the relationships among them

look "reasonable". The second point is that contractors have

an incentive to inflate the cost of simpler devices and to
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deflate the cost of the more complex devices. In this way, as

contractors are successful in delivering the simpler devices

early in a contract, they can speed up their receipt of progress

payments relative to actual expenses. One result of these prac-

tices is that the relationships among different elements of

contract costs will be distorted, and providing more detailed

cost statements will do little or nothing to provide accurate

relationships between physical and performance characteristics

and costs.

2. Non-Standard Systems

The program costs discussed in this section are based on

nine programs for which information was either received in or

translated to the format shown in Table 13. These programs

are discussed briefly and their individual costs displayed in

Appendix B.

The cost information comes from two sources. One consists

of contracts and contractors' proposals; there is no way to

determine if the level and structure of costs contained in

these early estimates did occur. The second source is program

office estimates of incurred costs based on the records and the

expertise of program office personnel.

In either case, there is no way to compare these estimates

against true costs. Simulator programs fall below the cost

threshold of major procurements for which contractors are re-

quired to submit periodic reports in a pr,ýscribed WBS. Contrac-

tors employ different terminologies; the structure of their

accounting systems differ, and there is an ever-present possi-

bility of misinterpretation in translating the available infor-

mation into the categories and format shown in Table 13. Con-

sidering the wide range of possible differences among simula-

tors and simulator procurement programs, we question whether a

sample of nine programs is satisfactory. However, it does pro-)

vide insights into two important cost characteristics that are

discussed below.
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Table 15 shows the percent distribution of program total

cost, according to cost element, in terms of the lowest and

highest observed percentages in this table and the average of

the percentages. Note that the percentages have been normal-

ized in the following two ways:

1. Recurring production costs have been adjusted to the

level of costs that would have been incurred if only

one unit had been produced by dividing recurring fab-

rication costs by the quantity fabricated. This ad-

justment provides a consistent base for the relation

between recurring and non-recurring costs.

2. The MA-3 and 6883 Test Bench research programs incurred

significant costs for evaluation that were not included

in calculating the test and evaluation percentages in

order that all simulator programs inight be treated as

though they were intended for main-line training.

Two distinct patterns emerge from this small sample. The

first is the consistently high proportion of total costs that

are devoted tc; the non-recurring functions (primarily design

and development) when small production quantities are involved.

Further, the average recurring production cost (18 percent) is

probably overstated as only the AT Trainer and 6883 Test Bench

programs identified the non-recurring* portion of fabrication

cost that, in these cases, averaged 40 percent of the first

unit recurring fabrication cost.

Figure 4 is a plot of the non-recurring percentages when

program costs are adjusted only to exclude evaluation costs

of the MA-3 and 6883. The outlying high point is the AWACS

Navigation/Guidance system program, and there is no explanation

why the percentage is this high. The outlying low point is the

Visual Target Acquisition System (VTAS) program. A review of

*Tooling, planning, and the other requirements normally charged
to production accounts that do not increase with quantity.
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TABLE 15. PERCENT DISTRIBUTIONS OF COST BY CATEGORY FOR

EIGHT NON-STANDARD SIMULATOR PROGRAMS (NORMALIZED)a

Percentage Distributions
Lowest Highest Average of

Cost Category Observed in Observed in ObsLrved
Any Program Any Program Percentages

Non-recurring Costs
Front End Analysis 0 18 8

Design and Development 34 81 54

Hardware 2 36 16

Software/Coursewareb 12 53c 31

Technical Data 0 21 6

Hardware Fabrication (Non-recurring)d 4 6 5

Test and Evaluatione l 3 1
Program Management 3 24 11

Total Non-recurring 61 92 78

Recurring Costs

Production 5 38 18

Hardware Fabrication 4 36 15

Other 0 9 4

Logistic Support 0 l3f 5
Initial Training 0 4 2

Total Recurring 8 39 25

aRecurring production costs were adjusted to reflect a production quantity of one;

test and evaluation costs of the research programs were not included.
bData on several programs did not separate software and courseware development

costs. In this table and remainder of this section, these cost elements are
combined and referred to as "software/courseware."

CThe high percentage case is a program that incurred software problems because of

concurrency. The next hiqhest program incurred 42 percent of total costs for
software/courseware.

dBased on two programs.
eBased on six programs.

fThe two highest percentages arose from (1) development of a complete depot
maintenance facility and (2) over three years of contractor maintenance
during an exten5ive evaluation program. The next highest percentage is 7.
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FIGURE 4. Non-recurring cost as a Percent of
program total cost according to
quantity fabricated

the VTAS simulation and features of the procurement proqram

suqqests thFL it is different in some fashion from other cur-

rent (and probably future) non-standard simulator programs.

Other than the research and in-house programs, VTAS was initi-

ated 2 years earlier than any other non-standard simulator.

Also, the avionics sy:;tem simulated was quite simple by the

then-current standards and the training requirement was simi.-

larly simple. Thes,: considerations suggest possible differences
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in the mix of resources employed and the contractor's organiza-

tion and management of the program. In either case, the differ-

rices would impact on the percent distributions.

Th, TRAM DRS program incurred a large cost for so,>-

wate chanr• s resulting from changes in the operational hard-

ware. When the change costs are digregarded, the percentage

is quite con~isten'r w'-.h The other programs. The split be-

twecn recurrin, mnd non-recurring costs was available for the

F-1I bimtlator proqr,am. The percentages associated with this

program (the shadpd area) are consistent with the pattern of

the otner six. it would appear that production quantities

of five and over are required before recurring costs will

equal non-recurring costs.

The second feature to emerge is the high cost of develop-

ing software and ourseware. Within this sample, the combined

cos,- of software and courseware averages over 30 percent of

total program costs (as adjusted to reflect production of one

unit) Pnd over 40 percent of total design/development costs

(with a range from 17 to 72 percent). When software/courseware

costs are plotted against total costs (not adjusted for the

production quantity) no distinctive relationships are evident

(Fig. 5).

We have no explanation for the absenc-F of an orderly

pattern or for the wide range of observed] percentages. This

small s;ample contains prodIrams with diverse characteristics

and, on a case-by-cise basis, a number of reasons appear

plaisible. I 1,,kely reason for at least part oF the range

of values i differences in accounting practices among con-

tracLors. Tt: is also possible that our inability to separate

software an'] courseware serves to obscure underlying relation-

ships that may be present. Furthet data and analyses will he

required to provide any understanding of 'the determinants of

cost. Considlring the maqnitude of the costs in this sample,

.,uch data aind analyses are warranted.
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It is unfortunate that available data do not permit the

separation of software and courseware development costs (or,

for the standard systems, the separation of software and course-

ware from hardware development and production costs). It is

quite evident, at least for the non-standard systems, that

software and courseware are siqnificant cost item.3. A relevant
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question, then, is how these costs can be reduced for future

simulation systems. One promising avenue appears to be the

development of a single software system with the following

attributes: (1) it would be non-proprietary (e.g., owned by

the government, (2) it would permit courseware to be written

in a high-level lanquaqe that could be composed and/or modified

by (e.g.) in-house subject matter experts, (3) it would be suf-

ficiently general that its use could be imposed as a contract

condition or design parameter. The development of the Ada

language may be a large step in this direction.

This concept is not without problems of implementation.

It is only reasonable to expect contractors to resist use of

such a non-proprietary system. By definition, the standard

systems employ proprietary standardized software. Some of the

contractors of non-standard systems appear t- have put efforts

into developing their own software systems. In both cases,

contractors have expended assets in the development of these

software packages, the values of which would be greatly dimin-

ished.

Figures 4 and 5 focus on one problem in idernifying train-

ing programs as candidates for simulation. Judging by the cur-

rent non-standard simulator programs, most maintenance simulator

applications arise in system-specific training and particularly

in aviition training. Thi ; type of t:raining is generally pro-

vided at a small number of ;ites and requires a limited number

of training devices, implyiiq a limited potential for quantity

production of a particular model of training simulator and thus

a limited opportunity for reducing simulator costs through their

widespread adoption. From a cost standpoint, the more promising

employments lie in the training of general skills and system-

specific training foi. widely held equipments where a relatively

large numbe(r of simulators can be used.
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F. SUMMARY

For assessing co. ts of maintenance training simulators, it

is useful to distinguish between what are defined as "standard,"
"non-standard," and "CAI-like" sytems. Differences among these

three classes lie in the following areas:

"* Physical characteristics,

"* Complexity and cost,

"* Extent of use within the Services, and

* Contracting practices employed for their procurement.

A standard system consists of a standardized physical configura-

tion that can be adapted to many training applications through

courseware and pictorial representations that are tailored to

the particular equipment being simulated. Non-standard systems

are typically unique, in total, for each specific training

application. A CAI-like system typically uses a 2-dimensional

display (e.g., CRT, random access slide projector) to present

lesson materialS, and :an simulate different equipments through

courseware introduced into its computer.

Available cost data are not adequate for developing the

cost relationships necessary for comparative assessments of

alternative maintenance training simulators. Factors contribut-

ina to this condition are as follows.

"* Simulator programs fall below the cost threshold for

periodic reporting of incurred costs in a standard WBS.

"* The data that are available may contain systematic

biases so that their reliability may be questioned.

"* For the standard systems firm-fixed-price (FFri) contracts

have been prevalent; the only generally available cost

information is limited to precontract documentation and

the contracts themselves.

"* Within the small number of non-standard systems that

have been built, there has been a wide range of program
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arrangements and purposes, device complexity and char-

acteristics, and training capabilities. It is doubtful

whether this small number would provide a satisfactory

base for developing a cost-analysis capability.

o For practical purposes, cost data on CAI-like maintenance

simulator system costs are not available. Only one

experimental system has been built, and contracts for

prototype development of two other systems have only

recently been let.

There is an obvious advantage in the concurrent develop-

ment of operational and training equipments so that trainers

are available at the time operational equipment is first

fielded. Ho,4ever, this practice entails risk since the opera-

tional equipment is subject to continual change and even minor

changes may result in high cost modifications to training

simulators (especially to the simulation software and course-

ware).

For the non-standard simulators, non-recurring costs

account for the major portion of total costs when production

quantities are small (e.g., five or less). However, most

potential applications appear to be in weapon-system-specific

training (especially in aviation) where a limited number of

devices would be reqiiired.

for the non-standard simulators, software/courseware

(i.e., program design and programming) appears to be the

single largest element of cost. Where cost overruns have

occurred, they appear to have been primarily due to software

development problems. There should be a significant cost

advantage gained by development of a widely applicable and

non-proprietary software system.
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IV. COST-EFFECTIVENESS OF MAINTENANCE SIMULATORS

The ciucial question is whether maintenance simulators are

cost-effective for training military technicians. Since cost,

effectiveness, and cost-effectiveness are not, in themselves,

absolute quantities, this question must be answered in relative

terms, i.e., compared to what else is a particular maintenance

simulator cost-effective? All of the studies with relevant data

compared the cost and effectiveness of maintenance simulators to

that of actual equipment trainers.

With respect to effectiveness, the data from 12 studies

show that student achievement at school is about the same for

those trained with simulators as for those trained with actual

equipment trainers; there was one case where students trained

with simulators had poorer achievement scores. We would prefer

to estimate the effectiveness of maintenance simulators and of

actual equipment trainers by comparing the performance of tech-

nicians (trained with one or the other) on the job rather than

just at school. Job performance could be measured by data such

as the time nee(ed to identify malfunctions and to reepair or

replace faulty components, the number (or percent) of repairs

where qood parts were removed unnecessarily or bad parts not

identified and so on.

No evaluation of a maintenance simulator reported objective

job performance data. In one study, supervisors' ratings (i.e.,

subjective data) showed about the same level of job performance
for technicians trained with the 6883 'rest Station 3-dimensional

maintenance simulator or the actual equipment (Cicchinelli et al.,

19ý10). Based on the data on ritudent achievareent at school. and

the one case of supervisors' ratinqs of on the job performance,
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we conclude that maintenance simulators and actual equipment

trainers are equally effective for training maintenance tech-

nicians.

This finding is based on a wide spectrum of simulators,

i.e., maintenance simulators of radars, vehicles, electromechan-

ical equipment, 2-D and 3-D designs, and simulators that are

used for training organizational and intermediate maintenance.

It would be tempting to infer that one type of simulator or a

particular way of using them, among these classes, is more ef-

fective than another. No such breakdown appears possible with

the limited data available. We cannot answer such interesting

questions as how effectiveness might vary with cost or how

cost might vary with effectiveness, because no such trade-offs

havo been undertaken. We have only one-point comparisons of the

costs of maintenance simulators and of actual equipment trainers

that have been shown to have equal effectiveness for training

at school. So, we are left with the gene al conclusion, •,

stated above, that maintenanlce simulators and actual equi.ment

trainers are equally effective for training technicians.

Our evaluation of costs uses the cost data presented in

Chapter III; these describe acquisition but not life-cycle

costs. T'he costs of acquiring actual equipment or simulators

do not include the costs of their use for training purposes,

e.o. , the operating costs of training such as instructors,

student pay and support, maintenance of training equipment,

and manag-qŽment of the school. A cost-effectiveness evaluation

based on acquisition costs alone must be regarded as incomplete

compared to one that includes all life-cycle costs. A single

exception, in the ,ase of the life-cycle cost comparison of

the 6b83 Test Stancd 3-D simulator and actual equipment trainer,

report'ed by Cicchinelli et al. (1980), will be considered

separately.

Table 16 shows the acquisition costs of comparable simu-

latorF, actual equipment traineri3, and operational equipment
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(before modification for use in training) in 20 maintenance

simulato programs. It is important to understand the different

types of cost data shown in this Table.

O2p.rational Equipment Unit 'Cost - Production cost of an

additional unit of equipment desi';ned to meet some

military purpose; these values do not include RDT&E

costs. Where the costs of an actual equipment trainer

are not available, these costs are used as a proxy

for actual equipment cost.

Actual Equipment Trainer Unit Cost - Cost of operational

equipment, immediately above, that has been adapted

for use in training, e.g., power, special inputs and

controls, etc. Such modifications require additional

costs.

Simulator Total Program Cost - Cost of RDT&E, prototypes,

and manufacturing facilities needed to produce one

or more maintenance simulators, In our sample of 20

* simulator programs for which total program cost data

could be compiled, there were 12 instances in which

only one simulator was built; in the eignt other

programs, from 2 to 36 units were built.

I Simulator Normalized Total Program Cost - Total production

costs adjusted to reflect a production quantity of one;

includes the costs of research and development but not

test and evaluation of simulators developed in research

programs.

Simulator Unit Recurring Fabrication Cost - The cost of

producing a follow-on unit of equipment after the

costs of RDT&E, prototypes, and manufacturing facil-

0 ities have been accounted for. This is a maximum

value; where data did not provide a separation between

recurrinq and non-recurring production costs, the

value shown is total production cost. No value is

0 shzwn where cost data did not allow an estimate of

production cost.
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There are, thus, several ways to compare the costs of ac-

quiring maintenance simulators and actual equipment trainers.

The cost of an actual equipment trainer is set, approximately,

by the incremental cost of procuring one additional. unit of

operational equipment plus the cost of any modification neces-

sary for its use in a classroom. This is a unit recurring

fabrication cost, devoid of RDT&E and non-recurring production

costs. We have these costs for six AETs Where AETs have not

been built, we can use the operational equipment unit cost a!

a surrogate AET cost for comparing the costs of simulators and g

AETs.

The average ratio of AET unit cost: operational equipment

unit cost is 1.27; that is, AETs cost, on the average, about

25 percent more than operational equipment before the latter I

is modified for training (Table 17); the data are based on only

five cases. These ratios, which vary from 1.00 to 1.59, presum-

ably relate to the degree of modification involved in the vari-

ous cases; whether further modification at even greater cost

would improve the effectiveness of instruction has not been

examined.

We will estimate the cost of acquiring a maintenance simu-

lator in two ways. The first estimate includes non-recurring

costs (e.g., research, development, and manufacturing facilities)

and the costs of manufacturing one unit. This value is the nor-

malized total program cost, as defined above. The second esti-

mate includes only the unit recurring fabrication cost (as de-

fined above), i.e, the cost to produce an additional unit

(after research, development, and other non-recurring functions

have been accomplished). Each of these estimates is relevant be-

cause of the large disparity between recurring and non-recurring

costs. Maintenance simulator programs have typically involved

small quantities so that relative cost-effectiveness of their

use will vary areatly with quantity procured. To the extent
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TABLE 17. COMPARISON OF THE ACOUISITION COSTS OF
ACTUAL EQUIPMENT TRAINERS AND COMPARABLE OPERATIONAL EQUIPMENT

BEFORE IT WAS CONFIGURED FOR TRAINING

Unit Cost
(thousands of dollars)

Operational Actual Cost Ratio:
Equipment Equipment AET/Operational

Trainer Equipm-ýnt

MA-3 110 175 1.59

Trident Integrated 12,100 17,500 1.45
Radio Room

Trident High Pressure 315 400 1.27
Air Compressor

Trident Air Conditioner 530 550 1.04

F-ll1 Avionics Test 1,955 1,955 1.00
Bench (6883 Test Stand)

Mean 1.27

permitted by tile data, we have estimated the recurrinq costs

even if only one unit was .ictually fabricated.

The actual equipment trainers and operational equipment

shown in Table 1.6 vary widely in cost (from $45,000 to

$17,500,000). Therefore, we have used ratios to compare the

costs of simulators and actual equipment trainers. The central

tendencies of the cost ratios, for both the normalized total

proqram and unit: recurring estimates, are shown at the bottom

of Table 16.

Plots of the individual ratios of estimated simulator

costs (both recurring fabrication and normalized proqram) to

actual '.,quipment trainer and operational equipment costs are
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shown in Figs. 6 and 7.* In both figures the operational equip-

ment costs have been adjusted by the average ratio of costs de-

veloped in Table 17. With two exceptions, the recurring fabri-

cation costs of simulators (Fiq. 6) are 20 percent or less of

the costs of either operational equipment (as adjusted) or

actual equipment trainers, and this conclusion does not depend

upon including operational equipment in the sample. Nine of

the 11 cases (80 percent) fall below this arbitrary threshold,

but there is a large dispersion among them ranging from 3 to

19 percent. Available data provide no explanation for this

range. The available data provide some insight into the two

cases that fall abo i 20 percent. The VTAS simulates avionics

equipment that has been out of procurement for many years, and

we suspect that the cost of the operational equipment is seri-

ously underestimated. The MA-3 is a research device and may

contain features that serve only the research function. How-

ever, it does not appear reasonable that these special features

alone would account for its relatively high cost.

The relationship between simulator normalized program costs

and the costs of actual equipment trainers or operational equip-

ment are not as clear-cut (Fig. 7). In seven of the 11 cases

the simulator cost is less than 60 percent of the cost of the

actual equipment trainer or operational equipment (with a range

of 25 to 55 percent). However, in the other four cases, the

percentages range from 160 to 400. At first appearance, this

sample seems to come from two populations, but w(- can find no

support for this argument in th- characteristics of either the

simulaft,)rs or the procurement programs. Similar to the previous

ratioý-; of recurring (fabrication) to actual. equipment costs,

*

*The Trident IRR maintenance trainer has been excluded from
this analysis as it appears to be as much a complement t-o as
a substitute for either the actual equipment trainer or the
operations/maintenance trainer.
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the VTAS and MA-3 simulators are "outliers" here too, and we

suspect for the same reasons. The AT Trainer also simulates

avionics equipment that has been out of production for a number

of years, and we suspect the cost of the operational eqAipment

is considerably underestimated. We have no explanation for the

relatively high cost of the AWACS Navigation/Guidance Simulator.

The contractor of this program incurred a significant (and non-

reimbursed) overrun that has been attributed to his independent

development of a courseware translation system (discussed in

Appendix B). Ever. when the overrun is subtracted, the normal-

ized program cost still exceeds the full adjusted cost of the

operational equipment by close to 25 percent.

Note that three of the four cases with relatively high

cost ratios involve the comparisons with adjusted operational

equipment costs, and again, it appears that the sample comes

from two populations. For example, in 80 percent of the cases

where ratios are based on actual equipment trainers, the simu-

lator normalized program cost is less than 50 percent of the

unit cost of the actual equipment trainer; for those ratios

based oni adjusted operational equipment costs, the normalized

program cost is greater than 50 percent of the unit operational

equipment cost in 80 percent of the cases. We can find no

rationale for this observation. No such distinction can be

made with respect to simulator recurring fabrication cost, and

we feel it is spurious.

The cost-effectiveness of a maintenance simulator on a

life-cycle basis has been evaluated only in one case, that of

the Air Force 6883 Test Stand 3-dimensional simulator and actual

equipment trainer (Cicchinelli, Harmon, Keller, et al., 1980).

In a later study, these authors will also evaluate a 2-dimen-

sional version cf this simulator. The 3-dimensional simulator

and actual equipment trainer were equally effective when meas-

ured by student ochievement at school; supervisors' ratings
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showed no difference between the job performance of students

trained either way for periods up to 32 weeks after leaving

school.

The life-cycle cost comparison cf J,' and actual

equipment trainer is shown in Table 1 ,. re esti"

in constant 1978 dollars over a 15-yea': p, discounted

at 10 percent. The results show that t",- cc student hour

was $23 for the simulator and $60 for t' acioG31 equipment

trainer, i.e., 38 percent as much for the simulator, compared

to the actual r.quipment trainer, for all costs over a 15-year

period. The simulator cost less to procure ($594,000 vs

$2,104,000, or 28 percent as much) and less to operate

($1,588,000 vs $3,367,000 or 47 percent as much) over a 15-year

period.

Using net present value k1978 constant dollars), the recur-

ring costs were $1,791,000 or 85 percent of the non-recurring

costs of the actual equipment trainer. The recurring costs of

the simulator were $906,000 or 152 percent of its non-recurring

costs.

We draw the following conclusions:

Cost: Maintenance simulators cost less than actual equip-

ment trainers. On the average, to develop and fabricate

one simulator costs less than 60 percent of the cost of

an actual equipment trainer; to fabricate one unit of a

simulator (once - has been developed) costs less than 20

percent of the cost of an actual equipment trainer. How-

ever, there is a large dispersion about these averages.

Effectiveness: Achievement at school is the same whether

students are trained with maintenance simulators or with

actual equipment trainers. This finding applies to 12 out

of 13 cases in which such comparisons were made. There-

fore, maintenance simulators are cost-effcctive compared

to actual equipment trainers.
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TABLE 18. LIFE-CYCLE COST COMPARISON OF 6883 TEST STAND,
ACTUAL EQUIPMENT TRAINER AND 3-DIMENSIONAL SIMULATORa

Costs
(thousands of dollars)

Actual Equipment Trainer 3-Dimensional
Cost Category Non- Non-

recurring Recurring recurring Recurring
Costs Costs Costs Costs

Facilities 1 110 1 110

Equipment 2104 2798 594 1000

Instructional
materials 28 26

Instructors and
overhead 73 94

Students and
support 358 358

Total 2105 3367 595 1588

Grand Total 5472 2183
(Net present
value, 1978) (3896) (1501)

Cost per student
hourb $60 $23

aEstimated based on 15-year life cycle discounted at 10 percent, in 1978

constant dollars. Modified from data presented in Cicchinelli, Harmon,
Keller, et al., 1980, p. 67-69. Table corrected to snow cost of instruc-
tors for simulator and cost per student hour over a 15-year period for
AET and simulator, based on discussion with senior author. Analysis
assumes 720 instructor hours per year and operation of equipment for
2.1 shifts per day to handle student load.
b18o students per yr x 3 days per student x 8 student hrs per day x 15
yrs = 64,800 total student hours.

This finding is necessarily qualified by the limited nature

of the data from which it is derived. Effectiveness, as used

here, is based on perfoLmance demonstrated at school rather than

on the job. Cost, ds used here, refers to the initial costs of

acquiring training equipment and does not include the costs

associated with the operation of simulators or of actual equip-

ment for training, e.q., maintenance and upkeep, instructors and
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support personnel, student time, and the like. En the one case

where a life-cycle cost comparison was made, total co.sts over a

15-year period for the 6883 Test Stand 3-dimensional simulator

was 38 percent as much as for the actual equipment trainer.

Both were equally effective, as measured by tests at school and

by supervisors' ratings on the job after school.

Insufficient information is available with which to draw

conclusions as to whether 2-D simulators are cost-effective com-

pared with 3-D simulators, the aspects of maintenance training

for which simulators are most effective, and how to allocate

the amount of time, for greatesL cost-effectivene.ý;s, between

maintenance simulators, actual equipment trainers, and on-the-

job training. All of these topics are matters for further

research, development, test, and evaluation that are discussed

next in this paper.
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V. DISCUSSION

On the basis of data presented in previous chapters, we

find that maintenance simulators are cost-effective compared

with actual equipment trainers. '9oth are about equally effec-I

tive for training maintenance technicians at schools; in general,

maintenance simulators cost less to acquire than do actual equip-

ment trainers. In this chapter, we wish to discuss the signi-

ficance of these findings, the limitations of the data upon

which these findings are b)ased, and the steps that should be

taken both the improve our knowledge and to increase the cost-

effectiveness of maintenance simulators~ used to support train-

ing for future systems.

A. EFFECTIVENESS

Students trained on maintenance simulators perform as well

on tests at school as do students trained on actual equipment.

This finding is consistent with results of studies with use of

computer-based instruction for technical courses on electricity,

electronics, vehicle repair, precision measuring equipment, and

weapons mechanic (i.e., not maintenance training per se).

We would expect that individualized, self-paced instru~c-

tion, an inherent characteristic of maintenance simulation,

would save some of the time students nieed to complete instruc-

tion given with equipment, particularly where the actual equip-

ment trainers are used more for classroom demonstration than for

individua' practice by students. Only three studies of mainte-

nance simuLators report data on the time needed by students to

complete their courses (Parker and De Pauli 1967; Rigney, Towne,
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King, et al., 1978; and Swezey 1978). Here, students saved 22,

50, and 50 percent, respectively, of the time needed previously

in courses given with actual equipment trainers. Time savings,

if any, when maintenance simulators are evaluated, should be

re2corded in futuce studies; it is anticipated that the few re-

sults reported so far will be confirmed. It is important to

understand that all finaings, although positive with respect

both to simulators and computer-based instruction, apply only

to training at school; there are no data about the effect that

Such training, including that using actual equipment, may have

on job performance in the field. The importance of collecting

information about maintenance performance on the job, and relat-

ing it to met-hod of training at school, can hardly be overempha-

sized.

B. COST

Maintenance simulators appeair to cost less to procure than

do actual equipment trainers. With some exceptions, the cost to

develop and fabricate one simulator is less than 60 percent of

the cost cf an actual equipment trainer, and to fabricate one

unit of a developed simulator is less than 20 percent of the

cost of an actual equipment trainer. This finding is based on

11 cases where meaningful cost comparisons could be devised.

Because of the limited number of cases, no attempt was made to

investigate the determinants of cost.

It is important to emphasize that these comparisons are

based only on procurement costs; they are not life-cycle costs.

Simulators and actual equipment trainers are uised for training

over relatively long periods of time such as, for example, 10

years. In addition to the costs of acquisition, they incur costs

for operators, maintenance, instructors, and students. There-

fore, life-cycle costs are more significant than acquisition

costs alone as a basis for evaluating the costs of alternative
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training devices. There is one recent estimate that the life-

cycle costs of a training program using a maintenance simulator

(the 6883 Test Station) would be about 40 percent that of one

using the actual equipment (Cicchinelli, Harmon, Keller, et al.,

1980).

However, the cost data that are now available are not ade-

quate for definitive conclusions regarding the cost-effective-

ness of simulators vis-a-vis actual equipment trainers. Some

of the data that are available appear to contain such systematic

biases that their reliability may be questioned. The way in

which maintenance simulators are procured appears to contribute

to the inadequacy of currently available cost data:

e The cost of simulator programs fall below the cost

threshold of major procurements, with their associate

requirements for use of a standard work breakdown

structure (WBS) and for contractor cost reporting

within the WBS structure. Contract line item listings,

that might serve as a functional cost structure, vary

considerably, both among the Services and among separate

contracts within a single Service, with a result that

cost documentation may not be comparable among contracts.

9 Most maintenance simulators with standardized software

systems have been procured by means of firm-fixed-price

(FFP) contracts. Here, the only costs that are qencral].

available are limited to those spelled out in the con-

tract itself. For the systems with non-standard soft-

ware, fixed-price-incentive-fee (FPIF), and cost-plus

fixed fee (CPFF) contracts, and CPIF have also heen

employed. However, FPIF contracts provide the Services

with little leverage in requiring contractors to pro-

vide cost information; none of the program offices that

have employed cost-plus contractors have required con-

tractors to provide this type of data.
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*Some of. the maintenance simulators for which cost data

are available were procured primarily for purposes of

research and development. In these cases, both the

programs and the resulting devices contain features that

would not be present had the devices been intended only

for routine training. Costs for features peculiar to

res'.?arch may be considerable but, in general, they can-

not be identified and separated. Thus, such cost data

probably contain an upward bias.

We believe, but cannot document, that currently

available cost data on maintenance simulators must be

qualified even further for the following reasons:

1. Contractors of some systems with non-standard

software appear to have incurred losses that

(in whole or in part) they have not divulged.

This would introduce a downward bias in the

available data. This judgement has been offered

by personnel in the program offices involved.

2. Contracts for standardized systems typically

encompass procurement of several different

simulators; negotiations appear to focus on

total contract cost. This has two impacts:

(1) it allows trade-offs among individual con-

tract line-item costs in order that the rela-

tionships among them appear "reasonable" to the

qovernment; (2) contractors have an incentive

to inflate the costs of simpler devices and de-

flate the costs of more complex devices. The

result is to distort the cost relationships

among contract elements.

3. The market appears highly competitive for simn-

ulators with both standard and non-standard

software, and it iE difficult to get contrac-

tors Lo provide detailed cost data.
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4. Within the small sample of non-standard systems,

there exists a wide range of program arrange-

ments, device complexity, physical characteris-

tics, and training capabilities. Considering

this wide spectrum, it is questionable whether

the sample provides a sufficient base for devel-

oping a cost analysis capability, even in the

absence of the cost data problems discussed

above.

C. COST-EFFECTIVENESS

Maintenance simulators appear to be cost-effective compared

to actual equipment trainers for training technicians. Since

the qualifications that apply to this finding have been explained

above, they will only be cited here: the finding is based on

acquisition rather than life-cycle costs, on effectiveness as

measured by the performance of students at school rather than

on the job and only on a limited number of cases (N=11). Here,

we will try to explain what this finding does and does not tell

US.

We can realize the cost advantages of maintenance simula-

tors only by using them instead of actual equipment trainers

(among other tra-iing resources) in our maintenance training

programs. This is likely to cause some problems for those who

believe that, even if maintenance simulators are used, it is

still necessary to use actu'l equipment trainers at school to

train technicians how to work later on actual equipment on the

job. This dilemma can be resolved by comparing on-the-job per-

formance of those trained at school only with different mixes

of both actual equipment trainers and simulators. An evaluation

of on-the-job performance has been ceported in only one instance

(Cicchinelli et al. 1980). Here, supervisors' ratings showed

no difference in the job performance of technicians trained
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only with tke 6883 Converter/Flight Control System Test Station

3-dimensional Simulatoc or with the actual equipment trainer.

Additional studies of this type wouid be most welcome.

Suppose that on-the-job performance turns out to be the

same for students trained only with simulators or with a com-

bination of simulators and actual equipment trainers. If stu-

dents' loads were such that only one item of training equipment

were required, then the additional costs attributed to the

actual equipment trainer would make the combination more costly

and no more effective than using only the simulator for train-

ing. If simulators cost less, the same result would also apply

to cases where, because of a large student load, two or more

itnms of training equipment were required. The school might

use some combination of simulators and actual equipment trainers.

This type of compromise, while not most cost-effective, might

ar.pear reasonable to skeptics who believe that actual equipment

t:ra. .-rs are still required. Since, except for Cicchinelli,

Harmo'n, Keller, et al., 1980, there are no data co support or

reject the notion that both actual equipment trainers and simu-

ators are needed for adequate training, there ±s much to be

-3ined bt collecting the job performance data needed to resolve

ý.ni8 dilemma.

Maintenance simulators, it has been argued, cost less and

are more effective than actual equipment trainers because they

provide feedback to students, provide training in a larger num-

ber of malfunctions than is otherwise possible, and have fewer

breakdowns when used by students. Cost data support the first

claim; although the other claims appear plausible, there are no

data to support (or reject) any of them. Some enterprising mili-

tary laboratory is invited to consider these questions.

Maintenance simulators provide individualized, self-paced

instruction and, because of this, one would expect them to save

some of the time needed by students to complete the course of

instruction. This result has, in fact, been reported in three
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studies. If confirmed, as we would expect, the cost avoidance

attributable to reduced expense fcc students' pay and allowances

at school would increase the cost-advarntages of simulators.

This type of calculation has not been included in any evaluation

of maintenance simulators.

It i~s conceivable that some maintenance simulators would

be more expensive to procure than actual equipment trainers for

the same applications. If all other things, e.g. , effectiveness,

are equal, then we should obviously choose the less expensive

option. However, "all other things" are rarely equal. A simfu-

lator- thouqh more expensive to procure than an actual equipment

trainer, might sufficient-ly shorten student time at school, re-

ducing the need for instructors and support personnel; to be

less expensive on a life-cycle-cost basis; it might also improve

student on-the-job performance sufficiently to be cost-effective

in terms of the combined costs of training and (subsequent)

maintenance. This statement is not intended to be an argument

in favor of simulators. Rather, it is made to point out that.

up to now, all studies of simulators and actual equipment

trainers have been z)ne-point comparisons, i.e., equal effec-

tiveness and lower costs for simula~tors. Since no studies have

been made between training devices of differing levels of both

cost and effectiveness and that extend the analysis to later

performance on the job, it is not yet possible to look for an

optimum combination of maintenance training equipment.

D. RISK OF CONCURRENT DEVELOPMEN4T

There is an obvious advantage in the concurrent development

of operational and t~raining equipments so that trainers are

available when, and preferably before, the operational equipment

is first fielded. However, this practice also entails risk,

since even miinor changes to the operational equipment may result

in large additional costs to modify the training simulators
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(especially in the ireas of simulation software and courseware).

In five cases that have been identified as concurrent develop-

pments, a significant portion of final simulator costs has been

attributed to modifications in the operational equipment.

Although the sample is small, it suagests that concurrency will

increase the costs of simulator development programs.

It also follows that if simulators for training ar-. de-

veloped only after the design of the operational equipment has

been frozen, the simulators may not be ready for training when

needed. A possible alternative is to train the initial cadre

of personnel with actual equipment or with simulators based on

a preliminary design, krowing that more adequate simulators

will be built later. Whether or not such an alternative is

both effective enough and not too costly is a to ,ic for system-

atic study.

E. IMPORTANCE OF SOFTWARE COSTS

Software and courseware (i.e., program design and pro-

gramming) appear to be major elements of cost in non-standard

maintenance simulator systems. No hard data were found on this

point; nevertheless, it is the opinion of individuals who have

been inivolved with the management of maintenance simulator pro-

grams. According to these individuals, cost overruns that have

occurred have been due primarily to problems in developing

software programs. Should this be true, it points to a cost

advantage to be gained by developinc, widely applicable soft-

ware systems for the more complex training applications.

Although no date are available on this point, this would not

apply to standard systems, since the same software system is

employed in all applications developed by one contractor.

1
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F. LIMITED POTENTIAL FOR QUANTITY PRODUCTION

The bulk of potential maintenance simulator applications

appears to arise in system-specific training (as opposed to

general skill training), and a majority of the more promising

candidate applications seem to be associated with aviation

training. However, training for a specific model of aircraft

is concentrated at a small number of sites and involves low

rates of student flow. As a result, there is a limited poten-

tial for quantity production of a given model of simulator

over which development costs can be amortized and a limited

opportunity for reducing unit costs through a widespread adop-

tion of maintenance simulators.

G. WHAT SHOULD BE DONE NEXT

1. Cost-Effectiveness Trade-Off Studies

Maintenance simulators have been found to be cost-effective,

although the data for this finding are limited. There is no

reason to doubt the same result for additional comparisons of

maintenance simulators and actuaI equipment trainers. Neverthe-

less, we should know how to optimize the design and use of main-

tenance simulators and to be able to make trade-offs between

their effectiveness and cost. There is almost a total lack of

systematic knowledqe about the relation (i.e., trade-offs)

between effectiveness and cost in the design and use of mainte-

nance simulators; ýor example, what features increase their

effectiveness in particular applications; conversely, little

is known regarding the relationships between simulator features

and their costs. Simulators can, naturally, increase in cost

in many ways, such as by including more malfunctions in their

courseware programs, by providing more complete realism in

appeacance and furn, Lional capabilities (in both 3-D and 2-D

designs), and by providing more computer-based, instructional
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guidance to students; the converse of any of these statements

may also be considered. A substantive question is to deter-

mine the extent to which increases in the capability of mainte-

nance simulators (with associated increases in cost) improve

the effectiveness of training, i.e., student performance,

beyond that which can be achieved without these incremental

costs. No studies have been underLaken to explore such func-

tional relationships, except for the still-to-be-completed

effort of Cicchinelli, Harmon, Keller, et al., 1980 that will

compare 2-D and 3-D versions of the 6883 Test Stand.

2. Validate Simulators with Performance on the Job

Student performance at school is, at best, an indirect

measure for evaluating the benefits of simulators, compared to

actual equipment trainers, at schools. The real issue is to

compare how training with either of these devices improves the

ability of cour.ie graduates to maintain equipment on the job.

The purpose of school training is to qualify students to per-

fc'im well on jobs in the field and not, per se, to complete

a course at school. Data to show the effectiveness of main-

teriance simulators, compared to actual equipment trainers, as

measured by field performance, is totally lacking and is essen-

tial for definitive evaluations. Cicchinelli, Harmon, Keller,

et al., 1980, an oft-cited reference in this paper, reported

supervisors' ratings of on-the-job performance of course grad-

uates but did not collect objective data on the actual perfor-

mance of these individuals.

3. Fidelity of Simulation

Instructors, in general, favor the use of actual equip-

ment, rather than simulators, for the training of maintenance

personnel. Reasons given for this preference are that students

need to train with actual equipment and that the lack of real-

ism in simulators can interfere with effective training. Such
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reasons cannot be dismissed, because the views of instractors

can influence the way in which simulators are used in a course;

an inappropriate use of a simulator may easily make it not inef-

fective and therefore not efficient for training.

A numLer of studies have shown that low-cost devices, such

as mock-ups, charts, and flat panel simulators are as effective

as real equipment for training personnel to operate (rather than

maintain) equipment (Grimsley 1969; Denenberg 1954; Torkelson

1954; Swanson 1954; Vris 1955; Spangenberg 1974; French and

Martin 1957; Prophet and 3oyd 1970, Dougherty, Houston, and

Nicklas 1957; and Cox, Wood, Boren et al., 1965. Useful reviews

of this topic may be found in Micheli 1972, Kinkade and Wheaton

1972, and Fink and Shriver 1978). These studies show that stu-

dent achievement (i.e., learning the required information) is

about the same with real equipment, expensive simulators, or

inexpensive mockups; this is taken to represent a range of high

to low fidelity in these devices. Some studies have shown that

there no differences between individuals trained on high or low

fidelity devices when measured by training time, amount of in-

formation remembered (after 4 or 6 weeks), or time devoted to

cdditional training some time after leaving school. These

findings apply primarily to teaching procedural tasks, e.g.,

nomenclature, equipment start-up, malfunction location, and

troubleshooting logic. This evidence cannot be denied, but it

has not had a major influence on the design or procurement of

maintenance simulators.

All recent studies of maintenance simulators have evaluated

a specific simulator as a direct alternative to some actual

equipment for training purposes. Fidelity was not varied sys-

temically or otherwise in any of these studies, with one excep-

tion. Flat panel (2-dimensional) and 3-dimensional versions of

the 6883 Test Station simulator were developed so that a direct

comparison could be made of their effectiveness for training

maintenance technicians. The three-dimensional version, produced
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by Honeywell, has been evaluated for use ir training technicians

to operate and maintain the 6883 Test Station (Cicchinelli,

Harmon, Keller, et al... 1980). The two-dimensional version,

produced by Burtek, will also be evaluated, but data collection

and evaluation had not been completea when this report was

written (Apcil 1981).

There has been no effort to interpret what aspects of fi-

delity, if any, may have been varied in the studies that have

been completed to date, although it is obvious that different

pieces of equipment with different methods oi presentation

were involved and that there devices cost different amounts of

money. There is, at present, no way of measuring, scaling, or

defining what we mean by the fidelity of a training device,

particularly with respect to its effectiveness for training

students. A distinction made by Miller (1954) between psycho-

logical simulation and engineering simulation (and copied

assiduously ever since) does not help very much: "engineering

simulation tis] the copying of some physical model and its

physical properties" (p. 19; einphasis in original); "psycholog-

ical simulation.... provides Ftimuli so that responses learned

to them will transfer from training [with training devices] to

operations with little or no loss" (p. 19). "Psychological

simulation may be far removed from physical realism" (p. 20).

"The development of training devices should rest on psychologi-

cal simulation rather than engineering simulation" (p. 20).

It may be that less expensive devices are as efFective

as more expensive ones for maintenance training. However, we

lack both a metric and a guideline to identify either the

physicil or functional characteristics of these devices that

influence the effectiveness of training. The interrelation-

ships of complexity, fidelity, and cost of training equipment

and the transfer of training from training devices to oper-

ational eqijipment clearly deserve systematic attention, both

for R&D on training devices in general ond for p.articular
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emphasis on maintenance traini.ng. Different levels of com-

plexity and of fidelity may be required for manual, hands-on

skills needed in maintenance than for those which involve pri-

marily knowledge and procedures associated with diagnosis of

malfunctions and troubleshooting.

4. On-the-Job Trainin..

Technical training at school qualifies a maintenance tech-

nician to undertake further tLraining on the job and is not

expected, by itself, to produce a high level of competence.

At stake, therefore, is assessing the cost-effective mix of

training at school and on tne job. This important question is

beyond the scope of this paper. Nevertheless, a potential

advantaqe of maintenance simulators, particu1larly as the newer

ones become more compact and portable, is that they would per-

mit us to measure the performance of maintenance personnel on

or near their job sites and, where deficiencies are found, to

provide refresher training to particular individuals. Thus,

maintenance simulators provide a means of collecting objective

data about technicians on the job (in a test-like situation),

that could be used to validate not only the use of simulators

in school but of actual equipment trainers; this also applies

to any other feature of interest in the type of instruction

offered at school.

5. Research on Maintenance

Even after about 30 years of research on maintenance

training, we still lack some fundamental information about how

humans perform the task of maintenance. As a consequence, we

cannot accurately specify, as suggested above, whether a partic-

ular simulator should be simple or complex, two- or three-

-dimensional in form, the optimum mix of general and specific

maintenance traininq, and the trade-offs between increased re-
liance on automatic and built-in test equipment versus reliance
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on human ability to diagnose and perform various maintenance

procedures. At least in principle, it is feasibl. to improve

built-in test equipment to assist the tef-hnician to find mal-

f~inctions and to design asystem so that components and test

points are more accessible to maintenance personnel. The real

issue is to determine whether increased expenditures during

system development for engineering characteristics to facilitate

maintenance will reduce expenditures for personnel, training,

maintenance, test equipment, and spare parts over the life

cycle of that system.

It is not yet possible to measure the complexity of main-

tenance tasks so tInat specifications for equipment which have

an impact on maintenance and maintenance personnel can be set

both for the design of weapons systems and for maintenance

simulators and training programs (see Wohl 1980; Rouse, Rouse,

Hunt, et al., 1980; Nauta and Braqg 1980).

It is not yet clear to what extent maintenance simulators

should be designed to provide generic training applicable to a

variety of equipments and/or specific training applicable primar-

ily ýLo particular models of equipment. A current program at the

Navy Personnel Research and Development Center is attempting to

address this issue (the Generalized Maintenance Trainer System).

There are insufficient data on the amount of time re-

quired to find, identify, anid fix various types of malfunctions.

Without such data, there appears to be little rational basis for

determining the priority to be given to various types of mainte-

nance tasks included in maintenance training courses and, of

course, in the design of the maintenance simulators to be used

in TChese courses (Johnson and Reel 1973). The work of Rouse,

Rouse, Hunt, et al. (1980)~ suggests that the more difficult

fault isolation tasks are in equipment with feedback loops;

humans benefit durinq training when they are qiven immediate

knowledge of result-e about the rules they are using to identify

faults; these skills appear to be transferable to situations

where immediate knowledqe of results is not provided.
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APPENDIX A

SUMMARY OF STUDIES EVALUATING TRAINING WITH
MAINTENANCE SIMULATORS AND ACTUAL EQUIPMENT TRAINERS



COURSE
SIMULATOR COURSE LENGTH EQUIPMENT TYPE OF NO. OF

(STANDARD) INSTRUCTION STUDENTS SCOR

Generalized Sonar Sonar maintenance 4 days AET: AN/SQ-4 Sonar AET 9
Maintenance Trainer (Special course for(GSMT) this experiment)

Fleet Sonar School SIM: GSMT SirinulatIor 9 Accuracy:
San Dieqo, CA Same or bt

Note: Final test for
both groups on Criterion

AN/SQS-23 sonar Test 3)

Intermediate general 4 weeks AET ALT 1(2) 20 54.4

electronics (4-week AET 2 20 54.9

segment of 14-week
course in Sonar Main-
tenance Training)

Fleet Sonar School SIM: GSMT SimuI'Ltor 20 54.6

Key West, FL

(")Trains calibration alignment, preventive

maintenance and troubleshooting of cir-
cuits and components common to six
sonar systems.

(2)Control group 1 trained before and control

group 2 trained after experimental g ,up.

3)Per:ent correct answers to special test
with 141 items.

(4)This is a low-power sonar system rather
than a true simulator.
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COMPARISON

ATTITUDES TOWARDS COMMENTS REFERENCES
SCORES TIME SIMULATORS

Average 22 percent Students favorat)Ilf Transfer of training Parker and DePauli,
faster in perform- experiment. Students 1967
ing maintenance trained on AET or simu-
tasks on test lator; both groups

Suracy: tested on a new sonar.
'1'!, oi. bet tet Performance compared on

five maintenance tasks.
Simulator group super-
ior but differences not
statistically signifi-

ir Avg. of cant.
weekly
tests. No significant differ- DePauli and Parker,

ence between groups. 1969.. •5Analysis of data shows
that dlthough students
trained with GSMT had
lower "academic poten-
tial" (GCT/ARI scores)
than control groups.

4.6. 66,• they performed as well
as controls. Report
does not describe equip-
ment used to train
control groups.
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COURSE

SIMULATOR COURSE LENGTH EQUIPMENT TYPE OF NO. OF
(STANDARD) INTRUCTION STUDENTS SCORE

ZC-II APQ-126 radar for AD) 7 OJT( 1 ) AFT

aircraft
Air National Guard hinu1 (.rd1

Buckley Field, CO

Mohawk Propeller System 3 hrs AET: Mock-ups and All 28 87.9

(53 CS5), OV-l Airframe breadboards;
Repair Course conventional
U.S. Army Transporta- classroom
tion School, Fort instruction
Lustls, VA SIM: FC-1I Simulator 33 93./

Hydraulic and flight 32 hr,, AET: Arresting gear and ALI 17 End of

control system, T-2f speed brake course

aircraft trainer, main and
auxiliary landing Perforl
gear trainer,
flight control
trainer.
NAS Chase Field

SIM: Elevator' and ele- S1nmilator 13 End of(
vator trim panel, coursf
aileron and trim panel
hydraulic speed brak, PerforrI
panel, landing gear
panel rudder and
rudder trim panel,
wheel brakes and
flaps panel.
NA( Meridian

Lngine, power plants 24 hrs AFT: Fuel sysLems train- All 19 End o!

and fuel system er; engine cc(,r'

NAS Chase Field

SIM: Fuel panel; Simulator 13 Pei tV

DC electrical start
and run panel LEd W
N W Meridian C OW ,T

Environment/utility Pet jrn
system 32 hrs ALT: Heat and vent AlT 16

training unit;
seat,
NAS Chase Field

(1)Ur,-the-job training; length not specified.

(2)11 qualified, 6 untrained.

(3)40 items, multiple choice

(4) Oral performance test on T-2C aircraft at end of course; aircraft part identification,

knowledge of maintenance manual; situational troubleshooting. Scored by examiner from
Naval Weapons Engineering Support Activity.

___________________________________________________ _____J____



COMPARISON

S ATTITUDES TOWARDS COMMENTS REFERENCES
SCORES TIME SIMULATORS

All judyog learning to Spangenberg 1974
t)e easy; oTh percent
"rPcomrni 1 '. u i lator for
trainirq

87.9 Performance measured on Dorst 1974
same practical exercises;
difference in favor of

simulator statistically
significant (p-O.OOO1)

93./

End of(3) 8 Wright and Campbell,course 1975

Performance(4)
82.6

End of(3) 35.51 tudent,, fv•,rlt)e; *Difference in favr of
course illstru(tor( nwtral to simulator statisti-

Performance(4) ricqitivi. cally significant

76.2 (prO'Iu)

[nd off(3) 3?.] *Difference in favor of Wright and Campbell,

cour',e AET statistically 1975

(4) significant (pwO.lO)l' ri•r•I•i '( 1 ' tudint', fvr ,Yr ,i ,,I

69.7uLtIJ., 1. 1 to
I-rid o)I ( ) 31,9 m ~ltiv ,

C}our 1.,e

Performance a)
74.J Wright and Campuell,
74.1 1975
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COURSE
SIMULATOR COURSE LENGTH EQUIPMENT TYPE CF NO. OF

(STANDARD) INSTRUCTION STUDENTS SCORE

FC-Il (continued) SIM: Environmental Simuldatr 9 Performance
slmjlatlon panel;environmental and

utility panel, End of(3seat, course
NAS Meridian

Performance

Weapon control systelli 60 hrs ALT: AN/APQ 126 A[ T 24 Normal oper,
mechanic, Block VI, radar for A-70 tions checko
radar aircraft (95 items);
Lowry AFB, CO solving 8 mii

function pro,
SIM: [C-I1 Si uljt, 15

Normal oper,
tions check(((
(N.S); solvi

mal functionproblems (N.'

Motor Transport School
Marine Curps Base
Camp Lejeune, NK

UC-IIVLP(l) Pilot familiarization I1 hrs(2) AEl: mobile training ALI_
for T-2C aircraft unit,
NAS Pensacola, FL chal!,board

SIM: IL:-IIVI.P .iiuhi~ir (. pilots

Naval Flight Officer 11 hrs(2) (as above) ACl
fcimiliarization for
TA-I'. ,ircraff, iilIluW ltUr 30 ,(), '
NAS Pensacola, Fl.

Large panel version, intended for class demonstrations.

(?)Light (8) lesson units, e.g., electrical systems, instruments, ejec'tion systeili.

(3)Naval Flight Officers.



COMPARISON

ATTITUDES TOWARDS COMMENTS H tNS
SCORES TIME SIMULATORS

Pr orac(4)r ,rfori'ance~4  Studenit i'; fa•le;

84.5 inwtrut to,,r r, iýral to
(3) ri eqaI t lvi

Ind of 35.4
tourse

lerformance(4)
76.4

Normal pera- 'tudvnt. r1u1,01,1 to No significant McGuirk, Pieper and
tions checkout favoralli, i',tructors difference between Miller, 1975
915 i tems ); favur ri li,3 cau- ALT and simulator (Also Miller and

.olvinq 8 real- iou, group Rockway, 1975)
i function problems

N11ma 1 ouera- Cost estimate for
tions checkout equipment (2 sets) in
(N S), solving complete course:
1fu..lI s or4) $1,068,000 ALT vs

$169,000 for simulators

No data in paper, EC-1I Platt 1976
judged effective for
training and recom-
mended for adoption,
Project savings of
$386,000 over 15 years

Stud-1nt, mid iw,,tructirs Finding based on fac- Biersner 1975
1oderaItr l td,( hi 'dily tor analysis of atti-
favorabli t, I ]r. (iC-II) tudes

Ins~mtrin , 'in m silnru- Author judges training Biersner 1976
dl.'? v,', r, , train- with simulator to be
iniI d equally effective to

use of AET at school;
performance on-the-job
unknown

,'v (as above) Biersner 1976

"A-5/A-E
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COURSE
SIMULATOR COURSE LENGTH EQUIPMENT IYPE OF NO. OF

(STANDARD) INSTRUCTION STUDENTS SCORE

Automated Electronics AET
Maintenance Trainer
kAEMT) SIM: Conventional FM

tuner

AET

SIM: Primary power
contrnl for ALM-64
manual test equip-

ment for AN/ALU
100 airborne B.

transceiver

AET

SIM: ALM-106B semi-
automatic test set
for ALQ-.126 EW
transceiwvr

AET

SIM: Vi sual target aLAui-
sition system (VTAS),
helmet-mounted sight



COMPARISON

ATTITUDES TOWARDS COMMENTS REFERENCES
SCORES TIME SIMULATORS

Provides CAI and CMI Modrick, Kanarick,
services to multiple Daniel and Gardner,
student stations; one 1975
instructor station

No evaluation reported

Evaluated favorably by Modrick, Kanarick,

3 Navy instructors for Daniel, and Gardner,
fidelity of simulation 1975
and usefulness for
training

As above, plus com- Daniels, Datta,
ments by attendees at Gardner, and Modrick,
demonstrations that 1975
"AEMT approach ap-
peared to provide as
good if not better
training effective-
ness than is achieved
using operational hard-
ware," (p.27). No per-
formance data

No evaluation reported Modrick, Kanarick,
Daniel, 6nd Gardner,
1975

No evaluation reported Modrick, Kanarick,
Daniel, and Gardner,
1975
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COURSE
SIMULATOR COURSE LENGTH EQUIPMENT TYPE OF Cl0. OF

(STANDARD) INSTRUCTION STUDENTS SCORE

Guieralized Maintenance AN/SRC-20 UHF Voice ALT

training System (GMTS)- Conlmunicatlons System
Rigney System Advanced Electronics Simnulato0 20

Schools, Department
Facility, Naval Schools
Command, San Diego, CA

AN/SPA-66 radar 4 days AIT
repeater, (16 ijrs)
Naval Mobile Technical Sim11Iltor 10
Unit ', San Dlego, CA

AN/WSC-3 tra .ceiver
for fleet satellite
communication system.
Advanced Llectronic
School Division
Service School Command,
San Diego, CA



COMPARISON

ATTITUOES TOWARDS COMMENTS REFERENCES
SCORES TIME SIMULATORS

Stud•n•s fiworiali, or Rigney, Towrne, King and
very faivorabl Moran (Oct 1978)

Average solution
time per problem
about half that
above

Studerint fiv(t•h,,i or Average solution times Rignev, Towne, Moran
very f,•rAdvri , per problem (N-11) re- Mishler (1980)

ported for students
trained with simulator;
no baseline data for
comparison

lmiproved, low cost version Towne and Munro (1981)
using a UCSD Pascal,
h•gh-l•vel, transportable
computer language.
Training effectiveness to
be determined
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,Aer~

COURSE
SIMULATOR COURSE LENGTH EQUIPMENT TYPE OF

(STANDARD) TP F N.O SC.INSTRUCTION STUDENTS

Fault Identi ficatlon Haplon Automatic Bolorr 5 wks AET(l)Pneumatic AST
Simulator (FIS) Control Maint nce Simu-

lator and Boiler
Fleet Traininq Center Control replica
San )4erio, CA

SIM: FIS and Boiler
Control repl ca "I",ulator 16 "safle i

II

("1 Actual eluipment trainer

(2)Actual components activated by pneumatic and electrical signals

I 3Individualized, self-paced instruction compared to conventional instru( Ilonabove



COMPARISON

ATTITUDES TOWARDS C;OMMENTS REFERENCES
SCORES TIME SIMULATORS

weeks Swezey in Klnkade (1979)

.IrT' d, .btvi 2.4 wevks(,)
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COURSE
SIMULATOR COURSE LENGTH EOUIPMENT TYP EOF NO. OF(STANDARD) INSTRUCTION STUDENTS SCORES

Ass1 ,

0388l3 convertor/F11 qht 1-1l1 Avionics 6 days AET: 6883 Converter/ Io)tro 59(1) needed
Control Systems Inst. Mainteniiice (spe(clal Flight Control Tests- Instri
Statlio (for r-I air- block In 23 Systems Test
(.raft) weeks course Station 1. 23.1

for this 2. 13.9
test) 3. 23,9

4. Same

SIM: 3-dlmrnunlonal simu- 1, 22.8
latlun of above 6ITuhHtjr 2. 14(0

3. 23.0
4. Same

( nd of course

2. Projected job proficiency, Part I
i. Projected job proficiency, Part II

4, Ratings by supervisors on job
performance after 2-32 weeks on job.

I



COMPARISON

ATTITUDES TOWAROS COMMENTS REFERENCES
SCORES TIME SIMULATORS

As,•1tdrnce To•complete test
S( ,ded hy otirt ,rile; This Test Station used Ciccinelli, Harmon,
) structors i nflt r io'r', ,•!ital to only two days in regu- Keller and Kottenstette

)3 1jo t I V I V,',de lar 23 weeks course (1980)
54,? min (6 days in this test).

1.3,9 Test shows equal effec-
73.9 tiveness at school and

in follow-up on job 2-32
weeks later, based on
supervisors' comments.

' !i 41.8 mrin Study also says simula-
S4.i tor costs about one-
Ii.( third that of actual
" In" equipment to acquire

and use.

) ?A-13/A-14

•.4,• L,' .•,



COURSE
SIMULATOR COURSE LENGTH EQUIPMENT TYPE OF NO. OF(STANDARD) INSTRUCTION STUDENTS S(

Paper and pencil Basic electronics 10 wks AET: (1) 230 E xa~n
traininq aids U.S. Naval Traininji Lab

Center, Great Lakes, Trout, 1
IL shoot

Trainer-Tester(5) AET + Trainer-Tester 230 E xai..
Lab
"Trout)

shoot

Punchhoard Tutor AET + Punchhoard Tutor 230 Exam
Lab
"Troubl,
shoot

Paper and pencil Radar repair 9 wks Taped le(.tures(N=4)
training aids

Trainer-Tester Trainer-Tester 6 groups

Custom-bul, Army Signal School, Custom-built simulator N-26, 07 each
, imulatorW" Fort Monmouth, NJ

Flow Ditgram Trainer and JDA radar display 2 days Panel board simulator 12 No. ot
Automated Microfiche to fir
Terminal HMS Collinqwood Microfiche projector fault he

Equipment mock-up
(JDA radar simulator) 2

3

( 1 )Pu~h-pull, three-stage transmittpr superheterodyne receiver, twelve 45-minute classes for each

(2)50 multipl2-cikoice items

(3)Grade assigned by instructor

(4)15 multiple-choice items

(5)Simulator malfunctions, tests and measurements on specially prepared paper layouts of equipment
developed by Van Valkenburgh, Nooger, and Neville, Inc., 1954

(6)Lucally designed to be more realistic than Trainer-Tester; uses schematic drawings

/



_ COMPARISON _

ATTITUDES TOWARDS COMMENTS REFERENCES
SCORES TIME SIMULATORS

1(?) 14 Student', h1, mw,• aids No significant differ- Cantor and Brown, 1956
80 improvwd tro(t ',hootinq ence between groups

'le- (4) 'ki11',. trained differently
otin" 63 when tested later in

Advanced training

/5 rist~iuctou", 14,,r lab Communications (N-126);
i1 work to rIt'iriv Tester; Trainer-Tester group

l-3 led, t o,1iccpt Pur hboard (N-210) superior on
ot oinj e,4 I e t rt laboratory grades

81

)ot immg 65

Effects measured at the Glass, 1967
end of the course by
performance test (find
malfunction in actual
radar components) and
written tests

Main finding is that

lectures on troubleshooting
improve effectiveness
of paper simulators.
Custom-built simulators
are more effective than
Trainer-Tester

of checks Average timw to Training with panel board Cunningham, 1977

ind faults find faults (min) trainer and microfiche
hefore aftrr dault before after projector; before aid

after tests with JDA
1(1 4 1 18 5 radar simulator; no

l, 5 2 21 6 comparison with AET
- - 5 3 - 6

() A-15/A-16
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COURSE
SIMULATOR COURSE LENGTH EOUIPMENT TYPE OF NO. OF

(STANDARD) INSTRUCTION STUDENTS

Computer simulations for Aircraft power plant condi 3 special Context-free simulation Perform- Po
training in fault diagnosis tioninj and testing training ance tpi
(computer-assisted instruc- sessions Context-specific simulation score at
tion) Institute of Aviation (total of a(

University of Illinois six hours) Instructional TV film on Instrw.tion- 12 4,4
in semester troubleshooting engines al TV
course

Continental 0-300 recipro- Context-fre 12 4.0

cating (on test stand) fault dia•-

Lycoming 0-235 reciprocating Context- 12 4.n

engine (on test stand) specif i k
fault. dag-
no, is

(1lFault-tinding performances on two
aircraft engines on test stands.

/



COMPARISON

S (1 ATTITUDES TOWARD& COMMENTS REFERENCESSCORES TIME (SIMULATORS

Perform- Percent of Percent of Time/ Atti t ud, -)St favorable) Transfer measured from Johnson, 1980
ance appropri- inappro- Probltem method of training to
score ate priate fault finding, 5 mal-

actions actions functions, in 2 actual
4.4 44. 4", 1.3 hrs 4.. engines on test stand.

Training with instruc-
tional TV yielded best4.0 ,. 7 1. ,, ,troubleshooting perform-
ance, judged due to
similarity of training
of training with test.,.0 30 1.4 2.E ;. Evidence that computer
simulation transfer also
found but less pronounced.

A-17/A-1U
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APPENDIX B~

PROGRAM COSTS OF' NON-STANDARD SIMULATORS

A. SUMMARY

Table B-i provides a summary of costs for nine non-standard

simulator programs for which data were available. Table B-2

shows the "normalized" costs of these programs. Normalization

involved two adjustments to the program costs.

(1) In order to provide a consistent base for comparison

among programs, recurring production costs were di-

vided by the quantity fabricated. Thus, each pro-gram

will reflect the costs that (hypothetically) would

have been incurred if only one trainer had been pro-

duced.

(2) Two of the research programs (the 6883 and MA-3 Test

Benches) incurred significant costs for evaluations.

These costs were excluded so that Ž2ach program will

reflect the costs that (hypothetically) would have

been incurred if they had been intended for

main-line training.

t The values shown in Table B-2 provide the basis of the percent

ranges of the different cost elements shown in Table 15.

The remainder of this Appendix provides a short discussion

of each of the nine prog~rams and a more detailed display of

their costs.

B-i
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B. RESEARCH PROGRAMS

The three research programs (simulating the Navy A-7E HUD

and MA-3 and the Air Force 6883 Test Benches) have had mixed

histories. Each was conceived as a vehicle for an extensive

evaluation, comparing the effectiveness of maintenance simu-

lation as an elternative to actual equipment for training,

and there is no evidence that they were intended for use in

regular training programs. However, current planning envisions

using the MA-3 Test Bench for training. These three devices 8

are the only ones, to date, that address simulation for inter-

mediate (as distinct from organizational) echelon maintena.Ice

training.

Each of the trainers is a unique 3-dimensional device, S

and each has had a different principal contractor. For the
two Navy devices, the contractors had no prior experience in

developing similar systems. The contractor for the 6883 (Honey-
well) previously had built one model of a 3-dimensional mainte- g

nance simulator.

1. Honeywell 6883 Test Bench

The 6883 device was procured as part of a continuing main-

tenance simulation research project of the Technical Training

Branch of the Air Force Human Resources Laboratory (AFHRL).

It is the only one of the three research devices that has been

extensively evaluated; results have been published rectntly in J

Deignan and Cicchinelli (1980) and Cicchinelli, Harmon, Keller,

and Kottenstette (1980). This evaluation addressed the simulator

for training operations and maintenance of the 6883 Test Bench.

A standardized 2-D system, also simulatinq the 6883, has recently

been delivered and will be evaluated for training operation and

maintenance of the test bench.

Proqram cost information (Table B-3), based on contract

actuals and in-house costs, was obtained from the AFHRL program

B-4



TABLE B-3. 6883 TEST BENCH (Dollars, Thousands)

Denver
Co,,trector In-House Research Honeywell

Institute

Engineering Total
Management Training Original Changes Program

Task/Function and Evaluation Contract andSupport Maintenance
Contract

Non-Rcurring Cost

Front End Analysis 19 19
Task Analysis
Other , 19 09

Design and Development 26 313 88 427
Hardware 34 1 35
Software/Coursaware 26 273 85 384
Technical Data 6 2 8
Other

Hardware Fabrication
(non-recurring) 57 57

Test and Evaluation 155 155

Program Management 14!' 145

Total Non-Recurring 171 155 389 88 803

Recurring Colt

Production 169 169
Hardware Fabrication

(recurring )a 149 149
Special Tools/Test

Equipment 20 20
Initial Spares
Other

Logistic Support 104 104
interim Maintenance 104 104

Support
Other

Initial Training

Total Recurring 169 104 273

Program Total Cost 171 155 558 192 1,076

a Including installation and checkout,
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office. Honeywell contracted for this program at roughly the

same time as its VTAS system was delivered to the Navy. There

appears to be little similarity between the two, and it is

unlikely that the prior VTAS experience proved significant in

the 6883 program.

2. A-7E HUJD Test Bencl[

The A-7E HUD (Head-Up-Display) Test Bench is one part of

a Navy research program that envisioned development and evalua-

tion of six 3-dimensional maintenance simulators -- one each

for training in three types of skills (electronic, electro-

mechanical, and mechanical) at two maintenance echelons (organi-

zational and intermediate). In addition to evaluation of these

different applications of simulators, the research program was

to result in developing procedures for formulatinq simulator

development specifications.

T11he A-7E HUD is the intermediate echelon, electronic

skills portion of this rcsearch program. To date, the device

has not been evaluated. An evaluation program was designed

and the simulator was delivered to the traininq site. However,

the program was not initiated, and its future is in doubt.

This was the first device to be initiated un0er the

research program, and the first of its kind for the Navy. S

Personnel involved with management of the program (the Human

Factors Laboratory of the Naval Training Equipment Center) are

frank to state that it was a learning experience for them in

terms of simulator specification (one objective of the research

program) and development r rocedures. The device was initially

limited to simulation of the "day" version of the [UD that

was a mature A-7F system at the time. However, a FLIR (forward-

looking-infrared) version was in development at that time, and

the simulator program was later expanded to incorporate the

FLIR capability. This opened the program to two problems --

modification and concurrency.
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Program costs (shown in Table B-4) were developed by the

Human Factors Laboratory from contract records and the expertise

of Laboratory personnel. The costs show the impact of the

decision to simulate the FLTR capability. Six contractors were

involved in the procram, three of these (including the A-7E

prime contractor) because of the FLAR decision. Over one-third

of the program total costs (and over 40 percent of contracted

costs) resulted from the FLIR modiLication. Unfortunately,

there is no way to separate FLIR-associated costs into those

arisinq from modification, per se, and those arising from con-

cur-ent development of the simulation and the operational

eq(uipment. Proqram office personnel believe the latter was a

-;i(lnificant element, and state that during several intervals

d(evelopment of the simulator was ahead of development and docu-

mennt.-tiotn of the operational equipment.

3. MA-3 Test Bench
The MA-3 is a second element of' the Navy maintenan.:e simu-

lator research program, in this case addressing training of

intolrmediate erhe on, electro-mechanical skills. This prograin

was, initiated more than two years after the A-7E [IUD and bene-

f ited ;i(inificantly I from the earlier experience, according to

proclram office personnel. The device was delivered during the

SULmflm(T of 1980 and is currently undergoinq evaluation that

should he complete in June 1981.

Program costs are shown in Table B-5. These data were

developed from contract records and expertise of personnel

From the Human Factors Laboratory that managed the proqram.

The simulator has one ,oteworthy characteristic, differ-

ent Irom any of the other non-standard devices, that is corm-

pletely unrelated to its role as a research vehicle. It is

the only device of its class to provide training that is not

specific to a single weapon or support system. The MA-3 is a

universal stand used throughout the Navy for on-shore tes:tinq
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TABLE B-4. A-7E HUD TEST BENCH

Educational Computer Vought ýpplimation, AACTS Data
Contractor ln-Houo Honeywell Corporation Aircraft Tnc. Inc.

InTt/at Day System; Day System; Day System; FLIR System, F IR System, Total
Desiln Front End Original Engineering Expansion; Expansion; FLIR 3ystem, Maintenance ProgramTask/Function and Analysis Contract Change Data Base Design Expansion; ContractSupport Design Hardware

Nan-Recurring Cost

Front End Analysis 41 95 20 30 45 234
Task Analysis 21) 65 20 30 4; 180Other 2,1 30 54

Design and Development 1: 215 48 115 1ý5 5 650
Hardware 15 20 15 25 5 80Software/Courseware 4V 185 28 100 160 521Technical Data 8 15 10 33
Other 1h 16

Hardware Fabrication
(non-recurring) 24

Test and Evaluation

Program Management V/ 72

Total Non-Recurrinq 21? 95 235 48 145 240 __ --5 980

'Recurring5o-st-

Production 95 60 20 30 20 225
Hardware Fabrication

(recurring?) 90 45 20 5 20 200Special Too s/Test
Equipment 5

Initial Spares 5 15 20
Other

Logistic Support /6 76
Interim Maintenance

Support 76 76
Other

Initial Training 5 5 5 15

Total Recurring 100 65 20 30 25 76 316

Program Total Cost 21? 95 335 113 165 270 30 76 1,296

a Including installation an~d che(Bkout.
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TABLE 8B.a~ A-7E HUD TEST BENICH (Dollars, Thousands)

Vouqht plimation, nnel eea

FLIR System,A~IR ý)Ystrl~,Prga 1-e piu tonFISs m
Expetision ; Fpansint'; FLIR ',stem, Maintenance rorm in-House & Day System FI Systemfxilasfon.' Contract aintenance HUD; HUD;
Data Base Deirn ~ i~aeContract Original Program

4 Pro ram Exx aansion

30 45 102 57

30 35

115 15607 6 1

100 160 514
10 3 51

1520980 212 378 390

230225 155 70

z0 200 135 65

5 5

20 20

76 76 76T

76 76 7

30 6 316 76 1- 2 45
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TABLE B-5. MA-3 TEST BENCH (Dollars, Thousands)

Cortractor Applimation, Inc. Seville

In-House Training

Engineering Cost/ Total

and Initial Program Cost Effective- Program
Task/Function Support Contract Expansion/ Overrun ness

Modifi- and Evaluation
cation Spares

Non-Recurring Cost

Front End Analysis 80 7 87
Task Analysis 38 38
Other 42 7 49

Design and Development 40 20 ill 47 218
Hardware 7 29 10 46
Software/Courseware 13 82 37 132
Technical Data
Other 40 40

Hardware Fabrication
(non-recurring)

Test and Evaluation 90 go

Program Management 40 11 14 9 74

Total Non-Recurring 80 ill 132 56 90 469

Recurring Cost

Production 42 28 29 99
Hardware Fabrication

(recurring)a 42 28 12 82
Special Tools/Test

Equipment
Initial Spares 17 17
nther

Logistic Support 14 25 39
Interim Maintenance

Support 25 25
Other 14 _ 14

Initial Training 7 7

Total Recurring 63 28 54 145

Program Total Cost 80 174 160 110 90 614

a Including Installation and checkout.
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of all generators and constant-speed-drives that comprise air-

craft primary electric power systems. (A related test stand, A

the MA.-2, serves the same function for all primary aircraft

power systems on board ship.) As a result, knowledge of both

its operation and maintenance is a widespread requirement and,

if exploited, a variant of this simulator (modified for main-

line training) might satisfy an extensive training requirement.

The MA-3 consists of two distinct components -- the test

stand itself and associated equipment (such as electronic test

sets and oil coolers) to adapt its use to the rarge of different

generators and constant speed drives that are used on various

Navy aircraft. The simulator was designed with this i, mind

and maintains a separation of these two components. Although

the current simulator was built specifically for training AV-8A

maintenance personnel, the contractor has provided the following

rougIh estimates.

"* Modification of the current simulator system to allow

simulation of other generator/constant-speed-drive

combinations would cost $15,000 to $20,000 (including

computer programminq and fabrication) for each combina-

tion.

"* Follow-on units in lots of two of the current confiqura-

tion (includinq hardware, software, and documentation)

would cost $170,000 per unit.

Two points should be noted with regard to the second con-

tractor estimate. The first is that the current simulator is

confiqured !.or research and it can be anticipated that quantity

production of a device that did not contain features needed for

research would cost significantly less. The second point is

that there is an apparent inconsistency between the contractor's

estimate and the costs developed by Human Factors Laboratory

personnel. The latter costs attribute only $99 thousand to re-

curring device production and $145 thousand to recurring program

costs (and include all non-recurring fabrication costs that, in )
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in fact, were incurred). We have no explanation for t~he differ-

ence in estimates. However, the lower Laboratory estimate is

consistent wit~h data obtained on other programs. Either esti-

mate totals to much less than the cost incurred in the research

program, and the bulk of this cost reduction can be attributed

to the hiqh proportion of non-recurring costs associated with

one-of-a-kitrd production.

C. A-6 TRAM DRS

The A-6 TRAM DRS (Detection and Ranqing System - AN/AAS-33A)

simulator was initiated as a research program, i.e., as one ele-

ment of the Navy research program that includes the A-7 HUD and

the MA-3 Test Stands. However, this aspect of the program was

modified at an early stage, and the simulator was adopted as

one of the primary devices for organizational echelon mainte-

nance training of the electronic portion of the DRS. Two units

were built and shipped to the two A-6 training detachments

where they were placed in main-line training after a relatively

short checkout and acceptance test period.

This appears to be one of the more successful non-standard

simulator proqrams. The devices cannot be considered high cost

and have been well received by training personnel. However,

certain features of the device and its procurement point up

problems that seem to recur with maintenance training simulators.

Four of these are discussed below.

9 The simulator provides only for organizational Mnainte-

nance training on the electronic portion of the DRS.

As a result, it did not relieve a requirement for usinq

operational equipment for training on the mechanical

portion of the DRS. While the existence of the simula-

tor reduces the training load placed on the operational

equipment, it does not necessarily reduce the amount

or cost of actual equipment required for training.
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*This model of DRS is peculiar to the A-6 aircraft. A-6

training is conducted at only two locations, and the

two devices serve to fully satisfy the training require-

ment. This is typical of aircraft systems today, even

those that are procured in large numbers. When it is

considered that the major portion of simulator program

cos;t is nonrecurring in nature (approximately 75 per-

cent in this case) there appears to be little promise

in rceducing their costs, except by use of standardized

systems where high development costs (such as for the

software s~ystems) can be spread to a number of training

applications.

*This is the first device of this type to be contracted

for by Grumman, and its capabilities and design (includ-

ing the software package) are highly tailored to this

single training application. Contiguration changes and

modifications are common to current combat aircraft and

even apparently minor ones may result in major changes

to maintenance simulators whose costs may be a major

portion of those required for developing a new device.

0 Decisions regarding the timing of training device deliv-

eries are critical in providing training on new or inodi-

fied operational equipment. Whatever types of training

devices are used, they must he in place before that

training can commence, and training must be provided to

personnel before the operationa~l equipment can become

an effective part of the force. Since simulation

trainers require their own development, this must occur

concurrently with development of the operational equip-

ment. However, the operational equipment is subject to

frequent modification during development and for a con-

sidlerable period after its fielding. As discussed above,

these miodifications can have a drastic impact on simula-

tor costs. An example of this impact can be seen in
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the A-6 DRS program. The DRS tactical configuration

and the simulator were developed at the same time, both

by Grumman, and the DRS configuration was not finalized

at the time the simulator program was initiated. The

simulator contract provided an allowance for changes

in the simulator that were the result of anticipated

modifications to the operational equipment, and at the

time of final delivery the cost oE these changes amounted

to 35 percent of the final Grumman contract value.

Program cost information (Table B-6) was obtained from the

program procurement manager at the Naval Training Equipment Cen-

ter. At present, both trainers have been delivered and placed

in service; the costs shown in Table B-6 appear to be the total

costs to the government, except for updating the devices to re-

flect recent modifications to the operational equipment.

D. VTAS

The VTAS simulator had its origin in a change in configu-

ration of the --4J aircraft that entailed changes in training

equipment then employed at two Naval Air Stations (NAS). An

assessment of alterrnatives for these changes concluded that

simulation would cost between 60 and 85 percent of the alter-

natives that involved modifying or procuring additional opera-

tional equipment for training.

The contractor (Honeywell) has produced several non-standard

maintenance simulators. However, VTAS was the first and appears

to be quite different from Honeywell's later programs. The

relative distribution of program costs among cost elements is

quite different from that on other programs (including the

later Honeywell programs). It is concerned only with a single

syf;tem that is not complex ielative to current avionics systems.

The Navy procurement program manager described the training

requirement as relatively simple, and the simulator reflects
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TABLE B-6. A-6 TRAM DRS (Dollars, Thousands)

Appli ed
Contractor Science Grumman Aerospace

Associates

Total
Task Initial Engineering Program

Task/Function Analysis Contract Change

Non-Recurring Cost

Front End Analysis 40 40
Tasi' Analysis 40 40
Other

Design and Development 148 163 311
Hardware 10 10
Software/Courseware 85 163 248
Technical Data 47 47
Other 6 6

Hardware Fabrication
(non-recurring)

Test and Evaluation 7 7

Program Management 40 40

Total Non-Recurring 40 195 163 398

Recurring Cost

Production 92 92
Hardware Fabrication

(recurring)a 35 35
Special Tools/Test

Equipment 13 13
Initial Spares 44 44
Other

Logistic Support II 11
Interim Maintenance 11 11

Support
Other

Initial Training 17 17

Total Recurring 120 120

Program Total Cost 40 315 163 518

-p

a Including installation and checkout,
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the limitation (providing eight malfunctions that are integrated

into the contractor-proprietary software system).

Cost infcrmation (Table B-7) was obtained from the con-

tractor. In addition to the contract costs, the procurement

program manager has estimated that between cne-half and three-

quarters of a man-year was expended by in-house civilian and

military personnel on various functions (includlng front-end

analysis and program management).

E. AT-TRAINER

The AT-Trainer takes its name from its purpose of provid-

irng traininq in all equipments maintained by the Navy aviation

technician (AT) rating on three series of the F-4 aircraft--

the communicatior/naviqation/identification and the electronic

countermeasures suites. It was begun as a small scale in-house

project at the North Island Naval Air Rework Facility to pro-

vade simulation of one model of UgF communication equipment on

th2 F-4N. Since that time, it has expanded through a series

of prog•,ir changes to encompass all AT-maintained equipment on

the F-4N, F-4J, and RF-4B and the inertial navigation equipment

of the RF-4B maintained Oy the aviation electrician (AE) rating.

This simulator provides only for organizational mainte-

nanc( training that is cypicallv confined to troubleshooting

of installed equipment. This involves a large number of

equipments the controls and indicators of which are located on

the aircraft instrument panel: the physical confiquration of

the simulator constitutes an extensive mock-up of the cockpits.

The particular equipments simulated, by aircraft series, are

shown iJn Table B-8.

At program completion three units will have been built.

Two of these (to be used at Beaufort MCAS and Oceana NAS) will

be limited to providing AT trainino for the F-4J. The third

(delivered to El Toro MCAS) will provide simulation for AT
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TABLE B-7. VTAS (Dollars, Thousands)

Contractor Honeywell

Total
Task/Function Program

Non-Recurring Cost

Front End Andlysis
Task Analysis
Other

Design and Development 74
Hardware 19
Software/Courseware 38
Technical Data 17
Other

Hardware Fabrication

(non-recurring)

Test and Evaluation 6

Program Management 51

Total Non-Recurring 131

Recurring Cost

Production 163
Hardware Fabrication

(recurring)a 156
Special Tools/Test

Equipment
Initial Spares 7
Other

Logistic Support
InLerim Maintenance

Support
Other

Initial Training 3

Total Recurring 166

Program Total Cost 297

a Including installation aid checkout.
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TABLE B-8. SIMULATED AT-TRAINER EQUIPMENT, BY AIRCRAFT SERIES

Aircraft Series
Equipment Designation (Function) F-4N RF-4B F-4J/S j

Communication/Navigation/ Identification Equipment

AN/ASQ-19 (Integrated Electronics Central) X

AN/ARC-159 (UHF Communications) X X

AN/ASQ-160 (Integrated Electronics Central) X

AN/ARC-lOS (UHF Communications) X

AN/ARN-118 (TACAN) X

AN/AJB-3 (Computer) X

AN/AJB-7 (Computer) X

AN/ASN-39 (INS) X X

AN/ASN-59 (Attitude, Heading, and Reference) X

AN/ASN-92 (Carrier Alignment JNS) X

AN/ASW-25A (Data Link) X

AN/ASW-25B (Data Link) X

AN/ASM-23 fuSE) X X X

ECM Equipment

AN/ALR-45 (ECM) X X

AN/ALR-50 (ECM) X X

AN/ALQ-126 (ECM) X X

AN/ALE-29 (Chaff Dispenser) x

AN/ALE-39 (Chaff Dispenser) X X

AN/ALM-70 GSE (AN/ALE-29) X

AN/ALM-164 GSE (AN/ALE-39) X X

AN/ASM-456 GSE (AN/ALR-45) X X

AN/ALM-140 GSE (AN/ALR-50) X X
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training in all three aircraft series in addition to AE training.

The multiple simulation capability is provided by "quick change"

kits to reconfigure the simulator to each aircraft.

The El Toro unit serves as a test bed for the program. It

was delivered as a partially completed device in mid-1979. Fur-

ther capabilities (in terms of the equipments simulated) are

delivered as they are developed, and the system will not be

completed until mid-1981. The Oceana and Beaufort units were

delivered in December 1980 without ECM simulations; this capa-

bility will be installcl during 1981 as a field modification.

Throughout its term, the AT-Trainer proqram has been

carried on strictly as an in-house activity. The tasks involved

include development of simulation hardware (including some of

the data processor) and the software operating system. As a

result, it is a unique system. Apparently, there are no plans

to carry these developments any further or to emplo, them in

other simulations.

The AT program costs are shown in Table B-9. The program

manager feels these values may understate true costs of the

pro-ject, because many of the individuals involved provided

exten!;ive unpaid time. In addition, the costs are probably

not comparable to those for other simulator programs. The

accounting methods employed will differ from those used by

contractors so that various categories of costs may have dif-

ferent meanings.

F. INTEGRATED RADIO ROOM

This is one of two programs to incorporate simulation into

the initial design of the training proqram for a new major

weapon system. A total of four simulators are employed in the

complete Trident training system. Two are associated with the

Integrnted Radio Room (the communications system) while the

other two are associated with pneumatics and are standardized

simulation systems.
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TABLE B-9. AT TRAINER (Dollars, Thousands)

Contractor North Island Naval Air Research
Facility

Initial Modif- TntalTask/Function Program cations/ Program

Updates

Non-Recurring Cost

Front End Analysis 20 20
Task Analysis
Other 20_

Design and Development 920 95 1,015
Hardware 355 50 405
Software/Courseware 415 45 460
Technical Data 150 150
Other

1lardware Fabrication

(non-recurring) 26 7b 0 276

Test and Evaluation 8 8

Program Management 40 40

Total Non-Recurring 1,255 104 1,359

Recurrina Cost

Productior 440 11 451
Hardware Fabrication

(recurring)& 410 11 421
Special Tools/Test

Equi pment
Initial Spares 30 30
Other

Logistic Support
Interim Maintenance

Support
Other

Initial Training 30 30

Total Recurring 470 11 481

Program Total Cost 1,725 115 1,840

a Including installation and checkout.
b Includes $205 for depot repair facility.

B-21



Trident communications system personnel are responsible

for both operation and maintenance of the system; and both

functions are trained in the same course employing the same

training equipment. Three major training devices are used,

designated A, B, and C; two of these devices (A and B) provide

both operation and maintenance training, whil~e trainer C is

devoted to maintenance training.

*Trainer A is a reconstruction of the on-board radio

room. It consists of a complete set of the operational

equipment (along with training-unique equipments) to

provide operator team and watch-standing training and

hands-on, on-equipment maintenance training.

"* Trainer B is a reconstruction of a part of the radio

room using only simulation equipment. Its function is

to provide individual and team operations training and

training in the system fault isolation an~d diagnostic

capabilities of the operators' console, and the use of

the built-in test equipment

"* Trainer C consists of both simulated and tactical

equipment. It is a series of part-task-trainers to

provide training in troubleshooting and fault isolation

procedures at a module/component level and hands-on

preventive and corrective maintenance.

This program provides a definitive demonstration of both

complementarity and substitutability between simulation and

operational equipment. Two trainers are used for operator

training, and all three for system maintenance training. Early

studies of Trident training requirements identified two alterna-

tives for radio room training. one alternative was the current

program combining operational equipment and simulators. The

second alternative proposed only operational equipment trainers

(consisting of three of the current A-Trainers).

RCA is the contractor for the operational equipment as

well as the three trainers; both the trainers and the operational
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equipment were developed concurrently. The training equaipment

contract is RCA's first experience in developing simulators.

One could expect the simulation trainers to be closely patterned

after the operational equipment and, perhaps, to be quite dif-

ferent from other non-standard simulators.

Our opinion that these simulators differ from others is

bolstered by comparing the relative cost of software/courseware

in this program with other programs. Roughly 15 percent of RCA

costs are attributed to software/courseware, while the average

for the other non-standard systems is close to 35 percent. The

operational equipment employs extensive data processing, and the

relatively low software/courseware costs for the simulators

would be consistent with RCA incorporating its detailed knowl-

edgc of the operational equipment software into the development

of the simulator software system--rather than developing a

wholly new system, as appears to be the case of other non-

standard simulators.

Simulator program costs (shown in Table B-10) were obtained

from the program office for Trident training (at the Naval

Training Equipment Center). They are based on the original

cost proposal and the program changes that have been negotiated

to date.

G. F-16

The F-16 maintenance simulation system is the most ambi-

tious non-standard program undertaken to date. Like the Trident

Radio Room, the use of simulation was incorporated into the

initial design of the maintenance training program and the

simulators were developed concurrently with the operational

equipment. Unlike Trident, though, simulation was developed by

a second contractor (Honeywell) under subcontract to the weapon

contractor (General Dynamics).
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TABLE B-1O. TRIDENT INTEGRATED RADIO ROOM (Dollars, Thousands)

American
Contractor RCA ECC Systems In-House

uperator/Milntenance Front End Total
Trainer Miintenance Trainer Task Program and Program

Task/Function Basic Contract Basic Contract Analysis Office Management
Contract Changes " , tract Changes Support Support

Non-Recurring Cost

Front End Analysis 400 270 670
Task Analysis 400 270 670
Other_______

Design and Development 1,856 307 1,41/ 27 3,607
Haraware 1,238 204 886 20 2,348
Software/Lourseware 4I1 89 353 6 879
Technical Data 187 14 17fI 1 380
Other

Hardware Fabrication
(non-recurring)

Test and Evaluation 12 1? 24

Program Management 210 65 145 9 248 140 817

Total Non-Recurring 2,078 372 1,5/4 36 400 248 410 5,118

"Recurring Cott

Production 1,124 58 506 2 1,690
Hardware Fabrication(recurring)a 725 58 31BI 2 1 ,1U3

Special Tools/Test 117
Equipment 78 39 470

Initial Spares 321 1494
Other ...... . .. ......

Logistic Support 47 4/ 94

Interim Maintenance 94
Support 47 41

Other

Initial Training 114 4 6 186

Total Recurring 1,285 62 6?1 2 1,970

Program Total Cost 3,363 434 2,195 38 400 248 410 7,088

a Including Installation and checkout.
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<1 The simulators encompass eight of the aircraft systems,
and are to be used by both USAF and NATO country personnel.

The simulators are configured as both flat panels and cockpit

mock-ups. The quantities procured, by aircraft system simulated,

are shown in Table B-11. Typically, the sirnulatioii of one air-

craft system employs r~wo panels or one panel and a cockpit

mock-up.

TABLE B-li. F-16 SIMULATOR QUANTITIES PROCURED, BY AIRCRAFT SYSTEM

Number of Elements Number of Simulators
ArrfSytmPer Simulator Ordered
Aircrft SstemCockpit

___________ Panels Mock-ups USAF NATO

Environmental Control 2 3 2

Navigation 2 3 2

Fire Control 1 1 3 3

Flight Control 2 3 3

Hydraulic 2 3 3

Electrical 2 3 2

Wedpon Control 2 3 3

Engine Start 1 3 3

Engine Diagnosis 2 3 3

Engine Operation 1 3 2

USAF, in buying three sets of the simulator system, will

receive 48 panels (of 16 different types), six cockpit mock-ups,

and 30 processors; NATO countries, in total, are procuring two

or three trainers for each aircraft system.
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The F-l6 maintenance simulator family resembles a stand-
ardized system. A common model of processor and a common soft-

ware system is used for all training applications (panels/mock-
ups). The F-16 system, along with the AWACS simulators dis-
cussed below, may well be the first members of a new standard-
ized simulator system. One result of these simulator programs

is Honeywell's development of what it has termed the "Data Base
Generator." This is a programming language intended to allow

for a simple manual translation of technical manual information
into code and the machine translation of that code into FORTRAN.

The F-16 program provides a dramatic example of the prob-
lems that may arise when operational equipment and training

simulators are developed concurrently. The initial contract,
in September 1977, provided for a target price of $7.5 million
for development and procurement. Delivery to the Air Force of
the first set of 18 panels and mock-ups and 10 pr~ cessors was
stipulated for September 1978.

The simulator design freeze was set for January 1978, and

the configuration wa.s to be based on the production version of
the aircraft. However, the technical documentation of the pro-

duction aircraft configuration was not available at that date;
the aircraft continued to undergo engineering changes, and a
lag developed in documentation of the changes. The aircraft

configuration changes imposed configuration changes and rework

of the simulation models (panel elements, software, and course-

ware); the lag in documentation increased the amount of rework

required to accommodate the changes.

A recent contract amendment reset the target price of the

training equipment at $28.9 million. it is impossible to at-

tribute a specific portion of the increase to the problems

associated with concurrency. However, it appears that a siz~-

able portion did arise from this cause.
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Documentation of current program costs includes separate

estimates of the costs (in terms of the target) for the train-

ing devices associated with each aircraft system simulated for

each of the seven sets of simulators currently on-contract.

Thesp estimates are shown in Table B-12. Note that the total

of non-recurring costs are attributed to simulator set number

seven and that the values shown exhaust the contract total

target cost. (That is, all costs have been allocated to the

individual simulations even though some fraction of them,

especially of the non-recurring costs, are support functions

that are truly common to all elements of the program.)

The estimates contained in Table B-12 allowed a separation

of recurring and non-recurring costs for the simulations asso-

ciated with each aircraft system shown in Table B-13. (Note

that the method used for separation provided a slightly dif-

ferent estimate of total program cost.) The resulting ratios

between recurring and non-recurring costs are quite consistent

with other non-standard simulator programs (see Figure 4).

H. AWACS NAVIGATION

The Air Force plans to provide training simulators for

three AWACS systems--navigation, radair, and possibly the data

display/processor systems. The navigation system has been

delivered and is in operation, while the radar system trainer

has recently been placed under contract. Both these simulators

are contracted to Honeywell. Both are flat panel devices and,

considering the continuity they afford Honeywell, it would

appear that thý_y will be quite similar. However, costs of the

devices will be significantly different; one explanation for

the large difference in cost is that the naviation trainer

nas a single student station while the radar trainer will

have 10.
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TABLE B-13. F-16 SIMULATOR, RECURRING AND NON-RECURRING COSTS

(Thousands of Dollars)

Cumulative

Aircraft System Simulated Total Non- Recurring Average
Cost Recurring Cost Recurring

Cost Cost Cost

Fire Control 2756 1640 1116 186

Flight Control 4413 2174 2239 373

Navigation 2956 1699 1257 251

Electrical 2621 1269 1352 270

Environmental Control 1872 1110 762 152

Hydraulic 1849 852 997 166

Weapons Control 2781 1560 1221 203

Engine Start 2440 1125 1315 219

Engine Diagnostic 4635 2307 2328 388

Engine Operating 2713 1227 1486 297

Total 29,036 14,963 14,073

The navigation system simulator is the first major train-

ing device USAF has procured for this system. Prior to its

delivery, training was limited to providing introductory train-

ing, without the benefit of training equipment, at Keesler AFB

and transferrinq graduates to an AWACS operational base for on-

the-job training. The operational base represented the first

hands-on experience received bý The students.

Considering the continuity (and overlap) in the AWACS and

F-16 programs, all three training systems should have extensive

similarities in important features. Both the AWACS navigation

trainer and the F-16 systems employ Honeywell's Data Base

Generator, implying similarities in the software systems (with

which the generator must be compatable). It is hard to escape
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a conclusion that these three programs have provided Honeywell

with the essentials of an advanced standardized simulation sys-

tem that will find application in other training areas.

Cost information on this program was provided by the AWACS

Project Office at the Electronics System Division (Table B-lI).

The original FPIF contract with Honeywell provided for a target

cost of $1274 thousand and a ceiling price of $1528. One en-

gineerinq change was negotiated for $60 thousand, bringing the

total cost to the Government to $1588 thousand.

The contract has incurred a significant cost overrun.

Honeywell has reported costs of roughly $200 thousand over the

ceiling price, but the Project GCice believes the total over-

run is approximately $600 thousand (or 40 percent of the ini-

"tial ceiling price). The Project Officer attributes the un-

reported $400 thousand overrun to Honeywell's cost in develop-

ing its Data Base Generator (i.e., software). (See the discus-

sion of the F-16 program, above.) Development of the Data Base

Generator was an independent Honeywell decision, and its cost

appears to have been charged to both the F-16 and AWACS pro-

grams.) The program costs shown in Table B-14 encompass the

Project Office estintates of total costs (both reported and un-

reported). This is the only simulator program treated in this

fashion. Maintenance of the simulator is provided through a

separate FFP contract between Honeywell and the Air Force

Logistics Command (AFLC). An estimate of Project Office in-

house costs has not been obtained.

p
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TAPr B-14. AWACS NAVIGATION/GUIDANCE (Dollars, Thousands)

American
Contractor Institute Honeywell

fnr Rp-Arrh _

Contract Total b
Analysis with laintenance Program

Ta . "inction and System Contract
Program Program with
Support Office (ESO) AFLC

Non-Recurring Cost

Front nd Analysis 100 100
Task Analys4 s 110 1
Other 1i0

Design and Development 1,998 1,998
Hardware 506 506
Software/Courseware 943 943
Technicdl Data 549 549
Oher

rfaroeare Fabrication
(non-recurring)

Test and Evaluation 40

Program Management 100 23 123

Total Non-Recurring 200 2,061 2,261

Recurring Cost

Production 127 127
Hardware FAbrication

(recurring?)8 127 127
Special Too s/Test

Equipmtnt
!nitial Spares
Other

Logistic Support 70 70
Interim Maintenance

Support 70 70
Other

Irtiti,i Tralning

Total Recurring 197

Program Total Cost 200 2,188 70 2,458

m Including instailation and checkout

b Except for in-house program m3nagement for whicn estimate is not available.

B 3
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APPENDIX C

ABBREVIATIONS

AACS Army krea Communications Systems

ABC Automatic Boiler Control

ACTS Adaptive Computerized Training System (Perceptronics)

ADP Automated Data Processing

AET Actual Equipment Trainer

AEMT Automated Electronics Maintenance Trainer (Honeywell)

AFHRL Air Force Human Resources Laboratory (Brooks AFB)

AFPTRC Air Force Personnel and Training Research Center

(now AFHRL)

AFSC Air Force Specialty Code

AIDE Automated Instruction, Direction and Exercise

AIS Avionics Intermediate Shop

AMES Aircraft Maintenance Effectiveness Simulation

(a model developed by XYZYX Information

Corporati,,n for NTEC)

AMSAS Advanced Manpower Concepts for Sea-Based Aviation

Systems

AMTE Automated Maintenance Test Equipment

AMTESS Army Maint-nance Training and Evaluation Simulation

System (AR /PMTRADE)

AN Army-Navy

APL Authorization Parts List

ARI Army Research Institute

AT Action Taken

ATACS Army Tactical Communications System

ATE Automatic Test Equipment

AWACS Airborne Warning and Control System
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BIT Built-in Test

BITE Built-in Test Equipment

CAI Computer-assisted Instruction

CAM-T Consolidated Aircraft Maintenance Training (Air Force

hands-on training)

CASEE Comprehensiveness Aircraift Support Effectiveness

Evaluation

CB Component Breakdown

CIWS Close-In Weapon System (Phalanx Gun System)

CMI Computer-Managed Instruction

CNR Communication Navigation Radar

CNTT Chief of Naval Technical Training

CPFF Cost Plus Fixed Fee

CPIF Cost Plus Incentive Fee

CRS Component Repair Squadron

CRT Cathode Ray Tube

CSD Constant Speed Drive

CUT Cross Utiliz,.tion Trained (AF)

DCS Deputy Chief of Staff

DRS Detection and Ranging System

DS Direct Support

DSB Defense Science Board

ECC Educational Computer Corporation

ECM Electronic Countermeasures

EEMT Electronic Equipment Maintenance Training

(Navy Class A Training School, Honeywell)

EPICS Enlisted Personnel Individualized Career System

EIC Equipment Identification Code

ETM Extension Training Materials

PCS Fire Control System
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FFP Fitm Fixed Price

FIS Fault Identification Simulator (Navy)

FLIR Forward-Looking Infrared

FOMM Functionally Oriented Maintenance Manual

FPIF Fixed Price Incentive Fee

FPJPA Fully Proceduralized Job Performance Aid

FRAMP Fleet Readiness Aviation Maintenance Personnel

FTD Field Training Detachment (Air Force)

FVS Fightinq Vehicle System

GMTS Generalized Maintenance Training System (Navy)

GNS Guidance and Naviqation System

GS General Support

GSE Ground Support Equipment

HHC Headquarters/Headquarters Company

HUD Heads-up Display

ICAP Improved Capability

IHOMS Intermediate Hands-on Maintenance Simulators (NTEC)

I level Intermediate Level Maintenance

IMA Intermediate Maintenance Activity

IMTS Integrated Maintenance Training System (NTEC)

INS Inertial Navigation System

IPSA Integrated Personnel Systems Approach

IRR Integrated Radio Room

ISD Instructional System Development

ITDT Integrated Technical Documentation and Training

(Army; now called SPAS)

JCN Job Control Number

JPA Job Performance Aid

JTPT Job Task Performance Test
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LAS Lockheed Aircraft Services

LRU Line-Replaceable Unit £

LTTA Logic Tree Troubleshooting Aid

MACT Malfunction and Circuitry Trainer

MAINTIP Maintenance Training Improvement Program (NTEC)

MCAS Marine Corps Air Station

MDC Maintenance Dependency Chart

MDS Model/Designation/Series (Air Force)

MFHBF Mean Flight Hours Between Failures

MIL STD Military Standard

MIMS Maintenance Instruction Manual System

MITIPAC Modular Integration of Training Information by a

Performance Aiding Computer (Navy)

Mk/Mod Mark/Model

MMTR Military Manpower Training Report

MTTR Mean Time to Repair

MOS Military Occupational Specialty (Army)

MTBF Mean Time Between Failures

MTBR Mean Time Between Repairs

MTM Maintenance Training Management

MTS Mobile Training Set (for Field Training Detachment) S

MTU Maintenance Training Unit

NALCOMIS Navy Air Logistics Command Management Information

System

NAMP Naval Aviation Maintenance Program

NAMTD Naval Air Maintenance Training Detachment

NARF Naval Air Rework Facility

NAS Naval Air Station

NAVAIR Naval Air Systems Command

NEC Navy Enlisted Classification

NFE Not Fully Equipped

NIP NAMP Improvement Program
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NOR Not Operationally Ready

NORM Not Operationally Ready - Maintenance

NORS Not Operationally Ready - Supply

NPRDC Navy Personnel Research and Development Center

NSN National Stock Number

NSRDC David W. Taylor Naval Ship Research and Development

Center

NTEC Naval Training Equipment Center

NTIPP Navy Technical Information Presentation Program

NTIPS Navy Technical Information Presentation System

OJT On-the-Job Training

O level Organizational Level Maintenance

PACAF Pacific Air Force

PE Program Element

PIMO Presentation of Information for Maintenance and

Operation

PINTO Performance Improvement for Navy Training Organizations

PMTRADE Program Manager for Training Devices (Army)

POMO Production-oriented Maintenance Organization (AW)

PROM Programmable-Read-Only-Memory

REES Reactive Electronic Equipment Simulator

RFP Request for Proposal

ROM Read-only Memory

RTE Resident Training Etuipment (for technical training

center)

SAC Support Action Code

SAMT Simulated Avionics Maintenance Trainer

SDC Sample Data Collection

SEL Selected Equipment List

SIMMS Symbolic Integrated Maintenance Manual System
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SMART System Malfunction Analysis Reinforcement Trainer

SMTE Simulated Maintenance Task Environment

SOJT Supervised On-the-Job Training

SPAS Skill Performance Aids System (Army; previously ITDT)

SQT Skill Qualification Test (Army)

SRA Shop-Replaceable Assembly

SRU Shop-Replaceable Unit

STRES Simulator Training Requirements and Effectiveness

Study (AFHRL)

TAC Tactical Air Command

TACAN Tactical Air Navigation

TAMMS The Army Maintenance Management System

TICCIT Time-shared, Interactive Computer Controlled Informa-

tion Television

TJS Tactical Jamming System

TM Type Maintenance

TMS Type/Model/Series (Navy)

TOT Task-Oriented Training

TRAM Target Recognition Attack Multi-sensor

TRU Tester Replaceable Unit

USAFE United States Air Force - Europe

VAST Versatile Avionics Shop Test (Navy)

VTAS Visual Target Ak muisiticri Syste',:

WBS Work Breakdown Structure

WC Work Center

WUC Work Unit Code
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3 -m Maintenance and Material Management System (Navy)

66-1 Air Force Maintenance Management System (name

& 66-5 derived fromn the Air Force manual that sets forth

maintenance policy.)
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Courseware: Student handbooks and manuals and that port-ion of

the set of computer programs resident in a simulator- that

implements the simulation model and otherwise addresses the

operation/functioning of the equipment being simulated.

Cross-Skill Maintenance: Maintenance associated with one skill

area that is performed by personnel trained in a different

skill area.

Depot-Level Maintenance: Rear area maintenance, major repair

or equipment modifications performed largely by civilians

in military organizations.

Direct-Support Maintenance: Intermediate-level maintenance per-

formed in units attached to or organic with large combat

units, e.g., divisions (Army).

Fidelity: A normative term that describes the extent to which

a simulator duplicates its operational counterpart. Physi-

cal fidelity refers to physicail appearance, since a simu-

lator may be two-dimensional or three-dimensional, or some

combination, in its construction. Functional fidelity

refers to the extent to which the performance characteris-

tics of operational equipment have been duplicated in the

simulator.

General Support Maintenance: intermediate-level maintenance

performed in units attached to higher commands, e.g.,

Corps, Theatre forces.

Intermediate-Level Maintenance: Maintenance performed in a

shop by a maintenance or repair unit.
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Maintenance Action: All effort associated with the completion

of a maintenance requirement (e.g., the correction of a

malfunction) that permits the return of equipment to an

operational status.

Maintenance Task: A single procedure that is performed as part

of a maintenance action. For example, remove, troubleshoot,

repair, and install are discrete tasks in a maintenance

action that corrects a malfunction anid restores equipment

to operational status.

Off-Equipment Maintenance: MainLenance performed on equipment

systems and assemblies that have been reinoved from weapon

end-.• •ems.

On-Equipment Maintenance: Maintonance performed on equipment

systems and assemblies while they are installed on weapon

end-items.

Organizational Level Maintenance: Maintenance performed directly

on operational equipment (e.g., fault detection, component

replacement) by personnel assigned to units that operate

the equipment.

Simulation: The imitative representation of the operation/

functioning of one systcm by another system. It consists

of the simulation model, display and control panels, and

other input/output facilities peculiar to the system being

simulated.

Simulation Model: A mathematical model that describes the

operation/functioning of a particular system or equipment.

Simulator: The device (i.e., hardware and software) cn which a

simulatiocn is implemented.

Simulator Model: Simulators of a given (complete or partial)

configuration.

Software: That portion of the set of computer programs resi-

dent in a simulator that is not unique or peculiar to the

system being simulated (i.e., the routines concerned with
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utilities, input/output, translation, etc. that are em-

ployed for general control. of the computer).

Team Maintenance: Maintenance actions or tasks that are per-

formed by more thwi one person.
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